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ABSTRACT 
The aim of this thesis is to determine shoulder function, during specific functional 
tasks and relate this to key parameters associated with pathology. The long-term aim 
is that the results of this work will influence rehabilitating the shoulder after surgery, 
improving clinical assessment or preventing specific upper limb injuries. For this, initial 
studies are required to design and build a simulator to quantify upper limb function 
during a set of functional tasks, and to quantify upper limb anthropometrics and 
combine these with a musculoskeletal model.  
The first part of the thesis focuses on anthropometry. Three different methods are 
studied for defining anthropometrics. First, a modified regression equation data set is 
introduced; this can be used for calculating body segment parameters considering a 
subject’s body mass, height, race, gender and age. The new regressions are compared 
to cadaveric data from the literature and found to improve the moment of inertia 
calculations. Two different geometrical modelling approaches are also introduced. This 
found that the geometrical solid shape representing the body segments can lead to 
noticeable differences in the body segment parameter results. Finally a laser scanner 
device is developed and applied to measuring these parameters. A mannequin’s upper 
arm is scanned and its volume found from the 3D image is compared to the actual one 
giving an average difference of 3.1%.; in addition, a standard-sized object was scanned 
allowing the validation of the scanning method for calculating body segment 
parameters. Finally, these different approaches are analysed and applied to a large set 
of subjects. This then provides key information for the second part of the thesis.  
The second part then focuses on the muscle forces in functional activities. Six 
functional daily activities are used in this study. In addition, a driving simulator is 
designed in order to quantify kinematics, kinetics and external forces during steering 
at different conditions and postures. At the same time, a computational 
musculoskeletal model of upper limb is used for measuring the muscle forces during 
the six functional tasks. The methodology used and the results of muscle forces in 
functional activities are presented and analysed; from the literature it is found that the 
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failure strengths for repairs of supraspinatus are close to the muscle forces predicted 
in this study (224 ± 148 N). Finally, the results of this study could help to improve 
ergonomics for cars, such as driving wheel and car-sits, and inform return to activity 
recommendations after upper limb surgery to specific muscles. 
 
Keywords: Musculoskeletal biomechanics, upper limb, musculoskeletal modelling, 
anthropometry, body segment parameters, geometrical modelling, regression analysis, 
3D laser surface scanner, functional activities, activities of daily living, driving simulator 
for steering, shoulder functionality on driving, joint forces, joint stability, muscle 
forces.
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γριγορα χϊρισ καν να το καταλαβαίνουμε και δυςτυχϊσ δεν μποροφμε να τον 
ςταματιςουμε αλλά και οφτε να τον γυρίςουμε πίςω. Ο λόγοσ που ζγραψα αυτό το 
μινυμα είναι για να καταφζρω ςτο μζλλον να ςταματιςω τον χρόνο και να τον 
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χρόνο βρίςκομαι ςτο ςιμερα και ςτισ ςκζψεισ του τϊρα.  Μετά απο αρκετά χρόνια 
ςυνεχίηω να ζχω βαςικό μου όνειρο και ςτόχο το να αφιςω κάτι ςθμαντικό ςε αυτόν 
τον κόςμο όταν κα φφγω από τθν ηωι αλλάηωντασ κετικά με οποιονδιποτε τρόπο 
ςθμαντικά τισ ηωζσ των άλλων είτε ζμεςα είτε άμεςα. Τθν ςτιγμι αυτι είμαι ςωματικά 
υγειισ και δυνατόσ αλλά οικονομικά και ψυχολογικά αδφναμοσ. Η κατάςταςθ ςτθν 
Ελλάδα είναι τραγικι και δυςτυχϊσ δεν μπορϊ να γυρίςω πίςω ςτουσ φίλουσ μου και 
ςτθν οικογζνεία μου. Η μθτζρα μου και όλθ θ οικόγενεία μου είναι ςε άςχθμθ 
οικονομικι κατάςταςθ αλλά κανζνασ τουσ δεν τα παρατάει. Οι περιςςότεροι φίλοι 
μου απομακρφνοντε όλο και πιο πολφ ζχοντασ τισ δικζσ τουσ ηωζσ και οι άνκρωποι 
κλείνονται περιςςότερο ςτον ευατό τουσ. Η οικονομικι κατάςταςθ ςε όλο τον κόςμο 
είναι δφςκολθ, αρκετοί ψάχνουν το λιγότερο 5-8 μινεσ για να βροφν οποιαδιποτε 
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ςτουσ φίλουσ μου και ςτθν οικογζνεια μου, και κα ςυνεχίςω να παλεφω ςε κάκε 
δυςκολία, μιασ που οι δυςκολίεσ είναι αυτζσ που ςε κάνουν να νοιϊκεισ ότι 
πραγματικά ηείσ. Όμωσ, δεν κα ιταν δίκαιο να αναφερκϊ μόνο ςτισ δυςκολίεσ και 
κακουχίεσ μιασ που είχα πάρα πολλζσ ευχάριςτεσ ςτιγμζσ. Πάρτυσ, εξόδουσ, 
ποτά,ξενφχτια, διακοπζσ, ταξίδια, γζλιο με φίλουσ εκτϊσ και εντϊσ πανεπιςτθμίου, 
επιτυχίεσ, βραβεία/υποτροφίεσ κτλ. Εφχομαι όταν κα ξαναδιαβάςω αυτό το μινυμα 
ςε λίγα χρόνια να χαμογελάςω και να κυμθκϊ όλεσ τισ ευχάριςτεσ αναμνιςεισ όπωσ 
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CHAPTER 1: INTRODUCTION 
INTRODUCTION 
This chapter describes the area of interested of this project as well as the aim and 
goals of the work presented in this thesis.  
15 
1.1 General Description of Musculoskeletal Biomechanics  
The human musculoskeletal system is the set of muscles, tendons, ligaments and the 
skeletal system of the human body and is the basic unit of motion. The 
musculoskeletal system supports the human body and protects vital organs from 
injuries; in addition, it provides the ability to perform tasks of daily living such as 
eating and drinking, walking and running, and specific occupational tasks such as 
typing on computer or driving a car. Biomechanics study the mechanics of biological 
and living systems. Musculoskeletal biomechanics, a subset of biomechanics studies 
the principals of the mechanical interactions between the muscles, the skeleton and 
the external environment of both animals and humans (Kahn, 2008). One of the key 
focuses for this discipline is to gain a better understanding of the musculoskeletal 
system in order to improve treatments for a wide array of pathologies. Such research 
requires the measurement of external forces on the body and the movement of the 
body, as well parameters such as dimensions, mass and inertial properties of body 
segments. In some cases electromyography (EMG) is also used in order to define 
muscle activation. From this, musculoskeletal modelling can be applied to study forces 
in the muscles and joints. These can all then be used help to investigate the muscle 
responses to the external forces as well as to define, monitor, possibly prevent and 
treat musculoskeletal injuries and disorders.   
Due to continual changes in working and living environments, a series of important 
occupational and functional diseases arise, including musculoskeletal disorders (MSD). 
These can significantly affect human motion which is detrimental to quality of life. 
According to the Health and Safety Executive (HSE), musculoskeletal disorders are the 
most commonly reported work-related illnesses. More than 500,000 British citizens 
are affected by MSD every year. The incidence of these on the upper limb is about 39% 
(H&S, 2011). Upper limb injuries are not of one type and can be differentiated 
primarily into either chronic or acute. Surgery to the upper limb is, therefore, common 
and whilst methods of surgical repair and rehabilitation of arm injuries have advanced 
significantly in the last decade, understanding of when and how patients should return 
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to tasks related to their job, such as driving, lifting and typing, has not improved in this 
period (Waddell et al., 2008).  
1.2 Aim and Scope 
The aim of the thesis is to determine upper limb function, by focusing on the shoulder, 
during specific functional tasks and related this to key parameters related to 
pathology, both acute and chronic. The long-term aim is that the results of this work 
will be used as a key consideration rehabilitating the shoulder after surgery, improving 
clinical assessment or preventing specific upper limb injuries. The approach used here 
is to establish upper limb kinematics and muscle forces for a specific functional 
activity. For this, initial studies are required to design and build a simulator to quantify 
upper limb function during a key functional task, and to quantify upper limb 
anthropometrics and combine these with a musculoskeletal model. This work 
straddles engineering and medicine. 
1.3 Thesis Overview 
The thesis starts with a literature review in Chapter 2, focusing on some background 
information and critiquing musculoskeletal models in current use, and studies of 
anthropometrics and functional tasks. Thereafter, the thesis is structured in two parts. 
In the first part, studies on anthropometry are described. Chapter 3 introduces a 
modified regression equation data set that can be used for calculating body segment 
parameters considering a subject’s body mass, height, race, gender and age. Chapter 4 
uses geometrical modelling to quantify body segment parameters. This chapter 
introduces and investigates two different geometrical modelling approaches with the 
view to simplifying the collection of the input parameters, such as standard 
anthropometric dimensions, and their use in musculoskeletal models. Chapter 5 
describes the development and application of a new technique for measuring subject-
specific body segment parameters, and finally, in Chapter 6 these different approaches 
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as analysed and applied to a large set of subjects. This then provides key information 
for the second part of the thesis.  
The second part then focuses on muscle forces in functional activities. Chapter 7 
discusses and analyses muscle forces in functional activities, such as daily living 
activities. In Chapter 8, a driving simulator is modified in order to quantify muscle 
forces during steering. Both Chapter 7 and 8 uses a modified musculoskeletal model 
(National Shoulder Model) for quantifying joint and muscle forces. 
The final chapter summarises the whole thesis, proposes future studies and places the 
work in the wider context. 
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CHAPTER 2: LITERATURE REVIEW  
LITERATURE REVIEW 
This chapter has been included in the context of upper limb biomechanics and muscle 
function. Therefore some anatomical terms of location and motion which are used in 
this work are detailed and an overview of the anatomy of the upper limb including the 
important muscles is provided. Important muscle disorders (MSD) are discussed 
together with a brief review on relevant functional activities of the upper limb. Finally, 
musculoskeletal models (MSM) and body segment parameters which are key model 
input are explored. 
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2.1 Anatomical Terms of Location and Motion 
Human movement is described in three dimensions based on a series of planes and 
axes. Sagittal, coronal/frontal and axial/transverse planes (Figure 2-1) are the three 
anatomical planes of motion that pass through the human body (Kapandji, 2007). The 
sagittal plane cuts the body vertically into medial (right) and lateral (left) portions, the 
coronal plane cuts the body vertically into anterior (front) and posterior (back) 
portions whilst the transverse cuts the body horizontally into superior (upper) and 
inferior (lower) portions (Primal Pictures, 2006).  
 
Figure 2- 1: Axes and planes of motion (modified from Primal Pictures, 2006) 
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In general, motion is the act or the process of a body to change place with respect to 
some reference point. There are a large number of different motions occurring in each 
body plane but in this project only the movements related to the upper limb will be 
considered. Figure 2-2 shows the most common upper limb movements. 
 
Figure 2- 2:  Upper limb general motion (modified from Hollinshead and Jenkins, 1981) 
There are several types of movement based on the path of motion, repetition of 
motion or the degree of freedom; also, their classification can be based on relative 
segment kinematics, presence of muscle contraction as well as joint kinematics. 
Movement based on the path of motion can be classified in two categories; translator 
is a linear motion where all parts of the moving body move toward the same direction 
while rotary is a motion where all the parts of the moving body rotate in the same 
angular direction. Repetition of motion means that the motion can be either single or 
repeated. Another important concept related to movements is the type of motion of a 
series of connected segment links; this can be characterised as either closed- chain 
motion where the end of the segment is fixed in space (i.e. standing up with the foot 
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in a fixed position) or open-chain motion (i.e. raising upper limb where the hand 
moves in space) . Finally, it is worth mentioning that a motion caused by a muscle 
contraction is called active, and a motion caused by sources other than a muscle is 
called passive (Kapandji, 2007).  
This section introduced the anatomical terms of location and motion related to the 
upper limb. In order to understand further about the functionality of the upper limb, 
the next section detailed the basic functional anatomy. 
2.2 Functional Anatomy of the Upper Limb 
The upper limb consists of the upper arm, forearm and hand and is connected to the 
axial skeleton by the shoulder girdle (Figure 2-3). The shoulder girdle is formed by the 
clavicle and scapula. The scapula forms a joint with the arm at the humerus 
(glenohumeral joint), and the proximal point of clavicle forms a joint with the thorax at 
the sternum (sternoclavicular joint) whilst the distal point of clavicle articulates with 
the acromion of scapula forming the acromioclavicular joint. The shape of the 
glenohumeral joint combined with its loose articulation gives the shoulder a high 
range of motion and makes it the most mobile of all the joints in the human body. The 
humerus is the only bone that supports the upper arm and articulates with the bones 
of forearm - the ulna and the radius at the elbow joint (Standring and Gray, 2008).  
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Figure 2- 3: Overview of the left upper limb bones of human body (modified from Clker, 2009) 
2.2.1 Articulations 
There are four main articulations that make up the shoulder; the sternoclavicular (SC) 
joint, the acromioclavicular (AC) joint, the glenohumeral (GH) joint and the 
scapulothoracic gliding plane (STGP), and three that make up the elbow joint; the 
humeroradial joint, the humeroulnar joint and the radioulnar joint (Figure 2-4).  
More specifically, the sternoclavicular (SC) joint is the only skeletal articulation 
between the upper limb and the axial skeleton. Actually, only a small section of the SC 
joint is connected to the sternum; the joint is stabilised by its ligaments (anterior and 
posterior sternoclavicular ligaments, interclavicular and costoclaviular ligaments) and 
the articular disc (Standring and Gray, 2008). The acromioclavicular (AC) joint is where 
the acromion and the clavicle articulate. Three ligaments (acromioclavicular, 
coracoacromial and coracoclavicular) hold these two bones together. The 
Glenohumeral (GH) joint is the main shoulder joint. Basically, it is formed where the 
“head” of the humerus fits into the glenoid (shallow socket on the scapula). The 
scapulothoracic gliding plane (STGP), in contrast to previous joints, has no capsule or 
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ligamentous attachments. It is more precisely identified as the scapulothoracic 
articulation. It is formed between the anterior scapula and the posterior thoracic rib 
cage.  
 
Figure 2- 4: Joints of the shoulder (modified from MMG, 2010) 
The elbow’s three articulations are the humeroradial joint; between the proximal end 
of the radius and the distal head of humerus, the humeroulnar joint; between the 
distal end of the humerus head and the proximal end of the ulna, and the proximal 
radioulnar joint; this articulation refers to the joint between the medial head of the 
radius and the lateral head of the ulna (Primal Pictures, 2006). All these articular 
surfaces are enveloped by a common synovial membrane, but for simplicity reasons in 
kinematics analysis the whole joint is normally considered as one (Figure 2-5). 
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Figure 2- 5: Joints of the elbow (modified from Primal Pictures, 2006) 
2.2.2 Muscles 
The upper limb muscles are the prime movers of the upper limb. These can be divided 
into many anatomically important groups on the grounds of which joints they cross; 
two anatomical groups are considered in this study. These are the shoulder group and 
the elbow group.  
Shoulder Group 
The muscles of the shoulder are essential for positioning the bones when at rest and 
during motion of the arm; they also connect the scapula and clavicle to the trunk and 
to the proximal end of the humerus. The main muscles that produce the movement of 
the arm are the deltoid, latissimus dorsi, pectoralis major and teres major whilst the 
rotator cuff muscles (infraspinatus, supraspinatus, subscapularis and teres minor) are 
the most crucial muscles for both the stabilisation and initiation of the shoulder 
movement (Standring and Gray, 2008). In addition, the serratus and upper trapezius 
muscles play an important role to the motion of the upper limb as well.  
The deltoid abducts the glenohumeral joint, with the anterior fibres also providing 
forward flexion and the posterior fibres providing extension. In general, deltoid plays 
an important role in most of the upper arm movement and support supraspinatus in 
resisting the downward drag of a loaded arm. The latissimus dorsi is active in 
adduction, extension and internal rotation of humerus; also it supports backward 
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swinging of the arm as in walking and running and it extents the flexed humerus (pull 
the trunk upwards and forwards) as in climbing. The pectoralis major action is to 
adduct and internally rotate the humerus against resistance, as well as providing 
forward flexion. The teres major action is to adduct the humerus and also internally 
rotate about its long axis (Figure 2-6). Finally, serratus protracts (draws forward) the 
scapula and works as the main mover for all pushing and reaching movements. The 
upper part of trapezius muscle (superior fibres) supports the scapula by controlling it 
during movements of the arm while it maintains and balances the position of the 
shoulder (Standring and Gray, 2008) (Figure 2-7).  
 
 
Figure 2- 6: Left shoulder muscles Part 1 (modified from Primal Pictures, 2006) 
 
 
Figure 2- 7: Left shoulder muscles part 2 (modified from Primal Pictures, 2006)  
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The supraspinatus muscle is one of the four rotator cuff muscles of the shoulder joint; 
it assists the deltoid in abduction whilst stabilizes the shoulder joint. The other three 
rotator cuff muscles the infraspinatus; it externally rotates the shoulder, the 
subscapularis muscle; it adducts and internally rotates the shoulder whilst centralizes 
the humeral head, and the teres minor; it adducts and externally rotates the shoulder 
whilst helps to oppose upward dislocation of the humerus due to the powerful actions 
of deltoid, biceps brachii and triceps (Standring and Gray, 2008; Figure 2-8). 
 
 
Figure 2- 8: Left shoulder muscles - rotator cuff (modified from Primal Pictures, 2006)  
Elbow Group 
The elbow group includes three main muscle groups; biceps brachii, brachialis and 
triceps, where biceps and triceps cross both elbow and shoulder while brachialis acts 
only at the elbow joint. Biceps brachii has two heads, long and short. The two heads 
originate from the proximal end of humerus (beneath the rotator cuff) and together 
insert at the proximal end of the radius (Figure 2.9). The biceps action is mainly to 
supinate the forearm and flex the elbow particularly if the forearm is supinated. In 
contast to biceps, triceps has three heads; medial, lateral and long. Long head 
originates from scapula and joins with the medial and lateral heads on the posterior 
side of the humerus mid-shaft (Figure 2.9). It then unites in the proximal end of the 
ulnar. All heads of triceps act as a major extensor of the elbow; in addition the long 
head has a small role in the extension of the shoulder. Finally, brachialis acts as a 
flexor of the elbow with the forearm either pronated or supinated (Figure 2.9). 
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Figure 2- 9: Right elbow muscles (modified from Primal Pictures, 2006) 
The anatomy of the upper limb musculoskeletal system and the importance of the 
joints and muscles were detailed in this section. Injury to the joints and muscles is 
common. Due to this fact, musculoskeletal disorders (MSDs) related to the upper limb 
are introduced in next section. 
2.3 Musculoskeletal Disorders  
Musculoskeletal disorders (MSDs) are injuries related to the musculoskeletal system. 
These can affect the muscles, bones, joints, tendons, nerves and ligaments. Factors 
that contribute to the occurrence of MSDs are repetitive activities (chronic) or traumas 
(acute). Also, the posture of the body during a task and the way that a task is 
performed (i.e. fast or slow) plays an important role to the occurrence of MSD. There 
are significant evidences that neck and upper limb MSDs are a significant problem with 
respect to ill health and associated costs within the workplace. More than one million 
annual work-related illnesses were reported in the UK in 2011 (1,152,000, Jones, 2011; 
Figure 2-10). Of these, MSDs were the most common (508,000 workers; 44%) of which 
39%  are of the upper limb (Jones, 2011; Figure 2-11). In addition, recovery time after 
MSDs presents a significant socioeconomic issue both to the patient and society. In a 
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study of upper limb disorders, 24% of the patients recover at three months and 32% at 
12 months (Bot et al., 2005; based on a sampling of 443 patients with upper limb 
pain). At the same time, upper limb disorders alone cost UK employers approximately 
£220 million per year in lost days from work (Jones, 2011). 
 
Figure 2- 10: Annual work-related Illness in UK (modified from Jones, 2011) 
 
Figure 2- 11: Annual work-related MSDs in UK (modified from Jones, 2011) 
MSDs is also a significant problem more broadly within the European Union with 
Greece and Portugal having the highest responses (Paoli and Merllie, 2001; Figure 2-
12).  
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Figure 2- 12: Percentage of self-reported muscular pain (modified from Paoli and Merllie, 
2001; based on a sampling of 1,500 per country) 
The MSDs are classified according to whether a disorder is related to the tendon, 
nerve, muscle, circulation, joint or bursa (Kuorinka and Forcier, 1995). Some of the 
most common disorders that are related to muscles, tendons and joints, such as 
muscle strain, osteoarthritis, rotator cuff tears as well as shoulder impingement, are 
considered in this research and explained in more detail in Sections 2.3.1 to 2.3.4. 
2.3.1 Muscle Strain 
Muscle strain is one of the most common injuries to muscle (or tendons) that is 
normally caused during a strenuous activity by over-stretching of the muscle tissue. 
Usually, the muscles that cross two joints have a higher possibility of injury during to 
two joint rotations causing excessive lengthening of the muscle under load. Muscle 
strain can happen either during sports or during normal daily or work activities that 
involve sudden and quick heavy lifting. The damage can affect the muscle either in 
part or in total by tearing the muscles’ fibers or the attached tendons. Finally, the 
tearing of the muscle can also damage small blood vessels, causing local bleeding 
(bruising) and pain (Garrett and Noonan, 1999). 
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2.3.2 Osteoarthritis 
Osteoarthritis is the wearing out of joints, specifically the cartilages. Cartilages are 
connective tissues that cover bones inside joints allowing joint movements without 
friction. As the cartilages wear away, the bone beneath becomes less well protected. 
This causes functional restriction and pain on specific movements; at the same time, 
the muscles that move the joint are stop to be used and slowly become weak. 
Whether someone has osteoarthritis depends on many factors: genetic factors, 
constitutional factors, such as age and gender, and biomechanical risks factors, such as 
joint injury and repetitive use of one or more joints for a specific activity (Royal College 
of Physicians, 2008). It is estimated that about 14% of the UK population have joint 
paint which may be caused by osteoarthritis (Arthritis Care, 2004). There is about 3% 
of the worldwide population having disability due to osteoarthritis (Woolf and Pfleger, 
2003). Finally, there is no specific cure for osteoarthritis but different level of 
symptoms can be eased by using a number of different treatments, such as through 
specific exercises (physical therapy) and/or different technological approaches 
(implants). 
      
Figure 2- 13: Normal Vs symptomatic shoulder (modified from CSMO Center, 2012) 
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2.3.3 Rotator cuff tear 
The rotator cuff consists of 4 muscles: supraspinatus, infraspinatus, subscapularis and 
teres minor (Section 2.2.2). Rotator cuff tear is one of the most important rotator cuff 
injuries where one or more of the tendons are fully or partially torn. The causes of the 
tendons’ tear can be either due to extrinsic or intrinsic factor including trauma (acute) 
or degeneration (chronic). A sudden/quick movement of the arm can cause a trauma 
while the impingement of the tendons to the acromion can cause degeneration 
(Guckel and Nidecker, 1997). Rotator cuff tears are the most common condition 
affecting the shoulder (Gerald and Williams, 2004) while the cumulative annual 
incidence of rotator cuff disorders varies from 7 to 25% in the general population 
(Chard, 1991). The most frequently damaged tendon of this is the supraspinatus 
muscle; this is due to the fact that supraspinatus passes below the acromion (Figure 2-
14). Partial thickness rotator cuff tears are normally treated with non-operative 
treatments while the full thickness tears mostly require surgery. In a study of 58 
subjects having a non operative treatment, it was found that in a 20 months follow-up 
period only 8% of partial-thickness tear increased in size compared with 52% of the full 
thickness tear (Maman et al., 2009). Different levels of tearing require different 
surgical options; in the case of a full tear, the surgeon uses a mending method where 
suture anchors are used in repair of the torn rotator cuff. Recovery from surgery can 
take as long as 3-6 months (Seida, 2010). 
 
Figure 2- 14: Rotator Cuff Tearing (modified from Primal Pictures, 2006) 
Supraspinatus Tendon Tearing 
Subscapularis Tendon Tearing 
32 
2.3.4 Shoulder Impingement  
Shoulder impingement is a very common cause of shoulder pain, especially in adults.  
The narrow subacromial space between the acromion and the humeral head in which 
soft tissues, such as the subcracromial bursa and tendons of the rotator cuff muscles 
pass can cause shoulder impingement (Figure 2-15). This space becomes either smaller 
during overhead activities or lifting the arm to the side. During normal shoulder 
motion, the rotator cuff and subcracromial bursa move smoothly through this space. 
However, if there is any shoulder abnormality such as anatomical abnormalities 
(curved or hooked-shape acromion), structural abnormalities (shoulder instability) and 
bursa or tendon inflammation then the soft tissues found at the inferior side of 
acromion receive high compression. The compression on the tissues is possible to 
result in shoulder pain, loss of shoulder function as well as improper joint mechanics; 
when these symptoms become chronic condition then a patient is diagnosed with 
shoulder impingement syndrome. This syndrome may be accompanied by shoulder 
tendonitis and bursitis. It is estimated that nearly 33% of the people who complain of 
shoulder pain suffers from shoulder impingement and associated rotator cuff 
tendonitis and bursitis (Cook and Ludewig, 2002). Finally, there is not any clear 
evidence if the shoulder impingement causes rotator cuff tear but it can be dangerous 
for post operative rotator cuff repair having a high risk on repairing failure (i.e. suture 
failure or tendon rupture). 
 
Figure 2- 15: Shoulder subacromial space (modified from Martina, 2009) 
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Musculoskeletal disorders are very common health issue having both social and 
economic burdens both to the patients and countries. All of the previous mentioned 
disorders are closely related to some functional activities such as everyday tasks. This 
is due to the fact that functional activities can cause a disorder or a disorder can affect 
the performance of the activity itself. By studying functional activities can result to 
better understanding of the body’s functionality and therefore to the prevention of a 
disorder. Due to these reasons, functional activities are detailed in the next section. 
2.4 Functional Tasks 
Upper limb functionality is fundamental for performing most of the daily living 
activities (ADL). ADL includes any of usual work, housework as well as hobbies, 
recreational and sporting activities. Impairment on the musculoskeletal system of the 
upper extremity can lead to inability of performing ADLs; due to this reason, 
measuring the functionality of upper limb is crucial. There are many studies that 
introduce different methods for evaluating the functionality of the upper extremity, 
such as the study of Stratford et al. (2001), Pransky et al.  (1997) and Gabel et al. 
(2006). These are based on questionnaires completed by patients (Self-Reported 
Outcome Measures or SROM). According to these studies, the functional tasks which 
are included in the Upper Limb Functional Indexes (ULFIs), can be categorised in two 
main categories: tasks that require upper limb specific function such as writing, 
holding or lifting an object (i.e. bag, glass or knife), opening a door or a jar, performing 
an overhead activity (i.e. place an object on shelf above head); and more general 
functional tasks such as driving, working, sleeping, eating, performing recreational 
activities and hobbies.  
Measuring and monitoring the functionality of the upper arm is hard to achieve 
accurately. ULFIs are commonly used for defining the level of upper limb functionality. 
However, they don’t define the risk of a potential injury during a task or the reasons 
why an injury occurred. Further investigations on the functionality of the upper limb 
have been conducted, focusing on the activities listed into the ULFIs (Murray, 1999). 
This leads to improvement of accuracy of the evaluating and monitoring systems. In 
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addition, by studying the functionality can results to better understanding of the 
impairment and of the reasons why it was occurred and the time when it was 
occurred. 
An early attempt in the analysis of ADL was made by Dol’nikov (1965). Dol’nikov’s  
(1965) study focused on the kinematics of the upper limb during ADLs (pouring from a 
bottle, drinking from a glass, eating with a spoon, screw-driving, and hammering). The 
measurements were collected by using an instrumented orthosis on the subjects. Later 
on, Romily et al. (1994) carried out another study that focused on the kinematics of 
the upper limb during 22 ADLs (eating, drinking and reaching activities as well as 
brushing teeth, combing the hair, washing the face, switching the light and lifting a 
telephone receiver) by using a video camera system. Two years later, Anglin et al. 
(1996) carried out a study for defining the contact forces on the glenohumeral joint 
during 5 different activities such as standing up and sitting down from and into a chair 
using the arms, walking with a cane, lifting a 5 kg box from the floor up to shoulder 
height and finally lifting a 10kg suitcase. Anglin’s et al. (1996) study used an infrared 
system for capturing the upper limb motion and then defining the kinematics and the 
forces. At the same time, several studies focused on muscle forces during ADLs. In the 
early 1970s, electromyography (EMG) started being used widely for the study of 
muscles. Solveig and Johnsson (1975), used EMG for studying the function of six upper 
limb muscles including the deltoid, trapezius, brachialis, brachioradialis, biceps and 
triceps muscles during a ADL task (driving). Nowadays, musculoskeletal models (MSM) 
are used for the functional analysis of upper limb during several ADLs. Charlton (2004) 
studied the upper limb functionality including joint, muscle and ligament forces during 
10 ADLs tasks with the use of NSM. All the tasks considered the right upper limb. More 
specifically, the tasks involved were reaching, eating, drinking activities as well as 
answering to the telephone, brushing left side of the head and lifting a block up to 
shoulder and head height. 
In addition, there are a number of published research projects focusing on the generic 
occupational tasks on outcome after orthopaedic surgery and few into specific 
occupational tasks such as driving. However, the primary outcome of interest in 
driving has been braking reaction time, and the operative procedures investigated 
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include hip replacement (MacDonald and Owen, 1988), total knee replacement 
(Spalding et al., 1994), knee arthroscopy (Hau et al., 2000) and ankle fracture fixation 
(Egol et al., 2003). However, no driving related outcomes have been established after 
upper limb orthopaedic surgery. 
2.4.1 Driving/steering task 
Driving is one of the most common everyday tasks (Stratford et al., 2001, Gabel et al., 
2006, Pransky et al., 1997). According to US National Transportation Statistics (2011) 
and the European Commission Statistics (2011), the total number of driving licenses 
per capita is about 0.7 and 0.6 in the US and EU respectively.  In 2010, there were 
about 1.3 million fatalities and 50 million injuries worldwide due to road accidents 
(IRTAD, 2011). Equipment failure, roadway design, poor roadway maintenance and 
driver behaviour are four factors that contribute to a road accidents. More than 95% 
of car accidents are caused by driver’s behaviour combined with one of the other 
three factors mentioned above (National Trasportation Statistics, 2011). The driver of 
a motor vehicle must be able to perform complex muscular movements in order to 
safely operate the car. Driving tasks require musculoskeletal function like steering.  
Driving was an interesting task for investigation since the 60s. In 1968, Serra (1968) 
suggested the evaluation of someone’s driving ability by using EMG. Later on, 
Rosemeyer (1971) as well as Solveig and Johnsson (1975), presented the results of 
basic muscular function of upper limb during driving. Further studies on driving 
behaviour were conducted. Pick and Cole (2005) were used EMG for indentifying the 
muscles involved in generating torque at the steering of the wheel. In addition to 
these, Bergmann et al. (2007) measured the glenohumeral contact forces during 
steering by using an instrumental shoulder implant.  
One of the reasons why driving is more important than the other ADLs is the high risks 
(fatal or injury) for the driver but also for the others in case of an accident. 
Furthermore, there is not any other study investigating the upper limb function during 
steering by using musculoskeletal model combined with a driving simulator.  
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Better understanding of the functionality of the upper extremity during functional 
tasks can lead to better prevention of musculoskeletal injuries or even of an accident. 
These days, musculoskeletal models are used for defining and analysing upper limb’s 
functionality during these tasks. The next section presents some of the methods which 
are used today as well as the musculoskeletal model which was used in this study. 
2.5 Musculoskeletal Models  
Nowadays, there are different ways to measure subject specific functionality of upper 
limb including the muscle forces, these include: in vivo measurement techniques, 
surface and intramuscular (needle and fire-wire) electromyography (EMG), as well as 
computational musculoskeletal models. Measuring muscle force in vivo in the living 
subjects has been found only in one study (Reilly et al., 2003). This study uses 
arthroscopically insertable force probes for defining loading data in the subscapularis. 
However, this technique can be used only to superficial muscles and the surgery 
affects on normal movement and loading are unknown. The surface and intramuscular 
EMG are widely used methods for defining the muscle activation. The surface EMG 
uses surface electrodes (sticking on skin) between two different muscle’s points in 
order to detect the muscle activation. The surface EMG is normally used for large 
superficial muscles. The intramuscular EMG uses needle or fire-wire electrodes to 
detect the activity from small superficial muscles or muscles that are located deep 
within the body. These methods require extensive measurements of poorly accessible 
muscles including the risk of crosstalk and movement artifacts (Laursen et al., 1998, de 
Luca, 1997, Kemal, 1993). The output measurement by using EMG is amplitude data 
(muscle activation) and not a force magnitude. EMG data obtained from the same 
subject on different days is unlikely to be the same (Kemal, 1993). Finally, both of the 
EMG methods are limited by the number of muscles that can measure at each time.  
Musculoskeletal models (MSMs) use computational methods to study the behaviour of 
the muscles of the joints during movement. MSMs can be used multiple times by using 
different loading conditions, segmental-motion, material parameters and other 
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parameters. In this way, musculoskeletal system behaviour is examined under 
different conditions in order to simulate real life situations.  
Specifically, most of upper limb musculoskeletal models in the literature are based on 
inverse dynamics. In these models the musculoskeletal system is defined as several 
segments (i.e. forearm, upper arm, scapula and thorax) while the inter-segmental 
forces and moments are calculated from kinematics by using the inverse dynamics 
principles. At these models, the input parameters include the motion (kinematics), 
musculature and anthropometrics (body segment parameters and geometry) while the 
output is muscle and joint forces. The outputs are used to understand the normal 
condition of the musculoskeletal system and quantify any abnormality. Finally, 
understanding the functionality of the musculoskeletal system via MSMs is important 
for clinical analyses, ergonomic design, such as wheelchairs design (Arnet et al., 2012), 
analyse the causes and strategies for avoidance of pathology and facilitate the 
prevention of overloading injuries (van Drongelen et al., 2006).  
MSMs allow novel hypothesis, behaviours and actions of the musculoskeletal system 
to be explored without conducting experiments. The speed of computation, the low 
cost and the adjustability to different conditions are some of the advantages. 
However, MSM have some limitations: 
 Models in generally consider the maximum active muscle stress as constant; 
there are studies prove that specific tension in muscles vary between 40 and 
100N/cm2  (Crowninshield and Brand, 1981). In addition, fatty infiltration of 
muscle is not taken into account but studies show that they could affect the 
strength (Goodpaster et al., 2001). 
 Most of these models treat each muscle element as independent. EMG studies 
show that some part of the muscle can be active while others, such as the 
tendon, remain passive (Hogfors et al., 1995, Cooper, 1929). In addition, base 
on neurological control some muscles must be active together. 
 Inverse dynamic models use kinematics as an input data to define joint and 
muscle forces; this means that the models don’t take into account voluntary 
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muscle co-contraction while the subjects is static, for example when the 
subject grips a steering wheel. 
 Muscles in modelling are represented as frictionless taut strings. Each muscle 
group is represented by a number of these strings depending on the size of the 
muscle. Muscle data, such as the Physiological Cross Sectional Area (PCSA) of 
the muscles and muscle attachments, are often taken from cadavers. In 
addition to that, PCSAs are generally not scaled to specific subjects (Charlton, 
2004).  
 Finally, body segment parameters, which are a key model input, are taken 
from regression equations.  
The last two points leading to low subject-specificity. 
There are several upper limb musculoskeletal models used today base on 
computational software system such as the Dutch Shoulder and Elbow Model (Van  
der  Helm, 1994), Anybody Simulation Model (Rasmussen et al., 2002) and the UK 
National Shoulder Model (NSM) (Charlton, 2004). For the purpose of this study the 
NSM is used and discussed in Section 2.5.1.  
2.5.1 UK National Shoulder Model  
The UK National Shoulder Model (NSM) has been chosen for this study for four main 
reasons. The first reason is the collaboration between the Imperial College 
Bioengineering Department and Newcastle University. Secondly, the model uses an 
open source code based in MATLAB R-2012b (The Mathworks, Inc. Cambridge, UK), 
thus allowing modifications to be implemented easily. Thirdly, the NSM is widely used 
in research, such as in the analysis of daily living activities of normal patients or of 
those with shoulder arthroplasty and in the investigation of the range of motion and 
the change of muscle moment arms for different types of reverse prosthesis (Kontaxis 
et al., 2007, Masjedi et al., 2007). Finally, according to Johnson and Pandyan (2005), 
muscle forces predicted by NSM have been validated with electromyography (EMG) 
data. 
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NSM is able to simulate both shoulder and elbow. As far as the skeletal model is 
concerned, it consists of 6 segments including ulna, radius, clavicle, humerus, scapula 
and thorax where their geometry is taken from the Visible Human male data set 
(Spitzer and Whitlock, 1998). The model calculates the angles for three spherical joints 
(sternoclavicular, acromioclavicular and glenohumeral joints) and for two single 
degree of freedom joints (elbow joints). The spherical joints, such as the glenohumeral 
joint, is represented mechanically as a ball and socket joint while the single degree of 
freedom joints as a hinge joint (Figure 2-16). As far as the muscle model is concerned, 
it consists of 31 muscles, which are represented by 90 muscle lines; the muscle data 
and morphology were taken from van der Helm et al. (1992) and Johnson et al. (1996) 
(Figure 2-17). Finally, body segment parameters, namely segmental mass, centre of 
mass and moment of inertia, were taken from de Leva (1996).  
 
  
Figure 2- 16: Mechanical representation of glenohumeral and elbow joints (Dijkstra, 2010) 
Elbow Joint Glenohumeral Joint 
BALL & SOCKET HINGE 
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Figure 2- 17: Visualisation of NSM musculoskeletal model (screen-shot from SIMM; Delp and 
Loan, 1995) 
The NSM works as follows:  
 Subject-specific measurements, such as upper limb segmental lengths, and 
body weight and height are used for scaling the musculoskeletal model data. 
This data is taken from the Visible Human (Spitzer and Whitlock, 1998) and de 
Leva’s (1996) regression equations. 
 The model uses inverse kinematics to calculate each joint angle. At this stage, it 
requires as input data the subjects-specific motion data (raw data defined in a 
global xyz coordinate system) which can be captured by using a motion capture 
system like VICON (VICON Motion Tracking System, VICON, Oxford, UK).  
 The UKNSM then uses inverse dynamics to calculate the joint moments and 
forces that are required to produce the motion. A recursive Newton-Euler 
formulation is used to achieve this.  
 Finally, a minimisation algorithm is used to satisfy the required joint moments 
(calculated by the inverse dynamics routine) such that the sum of the squared 
muscle stresses is minimised. At this stage, the joint forces and moments as 
well as the muscle lines of actions are used as input data. At each different 
time-step of the model during the motion, the muscle paths, and therefore the 
activation and forces, are different. In addition to the cost function, the 
muscles are bounded by a maximum stress criterion, which is 100 N/cm2. 
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The UKNSM is a widely accepted model. However, it is fundamentally key to ensure 
that the model is adjusted to fit to an individual subject. Anthropometrics is one of the 
most important factors for facilitating greater subject-specificity; due to this fact, the 
following section focuses on anthropometrics and its use in MSM. 
2.6 Anthropometrics and Body Segment Parameters 
Anthropometry is the study of human body measurements which are useful for 
anthropological classification and comparison as well as for engineering design. 
Anthropometry includes important and useful techniques and data that are used in 
different areas and for many reasons, which are described below. In the past, 
anthropometry was primarily used in engineering design and for the optimisation of 
products related to body dimensions such as clothes (Pheasant, 1986). More recently, 
anthropometrics has been used in industrial design (for example cars), ergonomics (for 
example offices) and in more specific areas such as biomechanics, like musculoskeletal 
models (MS models). As it is mentioned in Section 2.5, the MS models are computer 
models that are valuable for the study of mechanisms of the musculoskeletal system.  
In biomechanics, the description of body segments includes information such as 
moments of inertia, mass, centre of mass, muscle cross sections and joint ranges of 
motion (Rao et al., 2006). Due to the wide variation of these parameters, the 
anthropometric data is more accurate when it is collected from a large number of 
subjects. 
Body Segment Parameters (BSPs) can be used in inverse dynamic modelling of the 
musculoskeletal system (Musculoskeletal models). Specifically, this data was employed 
in biomechanical analyses in order to model the human body as a linked-segment 
system. BSPs are very important as they can affect subsequent kinetic analysis. Rao 
(2006) has shown that BSPs have a significant influence on the solutions of these 
models. He also investigated the sensitivity of joint kinetics using six different BSPs 
estimation models (one geometrical model, two models derived from cadaver studies 
and three models by using imaging techniques). His study resulted in the fact that the 
maximal variation of peak moment values is about 20%.  
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There are a number of different techniques for estimating and/or measuring BSPs. 
Systematic dissection of cadavers (Chandler et al., 1975, Clauser et al., 1969, 
Dempster, 1955) and force plate or balance board methods are two common ways for 
this estimation. Force plate and balance board methods are based on changes in the 
mean total body centre pressure between two different positions on the plate/board 
(Chandler et al., 1975, Clauser et al., 1969, Dempster, 1955, Park et al., 1999, Pataky et 
al., 2003). In addition to these methods, geometric modelling (Kingma et al., 1996, 
Pavol et al., 2002, Sarfaty and Ladin, 1993, Shan and Bohn, 2003) is another method 
for calculating BSPs, It is based on using some standard mathematical equations that 
have body parameters as input data. This data can be defined by measuring specific 
body dimensions, like circumference of forearm, with a tape. Furthermore, the use of 
medical imaging and surface scanning (Cheng et al., 2000, Durkin et al., 2002, Durkin 
et al., 2005, Ganley and Powers, 2004, Zatsiorsky, 1983, Zatsiorsky et al., 1990), such 
as X-ray and MRI, are some of the most common techniques used to date for the 
estimation of BSPs (Figure 2-18).  
It is difficult and time-consuming for BSPs to be obtained accurately by direct 
methods. Hence, there is a wealth of research into quantifying the data in a simpler 
way, including the use of regression equations based on variables such as mass, 
height, gender, race or/and age (Shan and Bohn, 2003).  
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Figure 2- 18: Techniques for estimating BSPs Data 
2.6.1 Regression Equation Studies 
Regression equations are commonly used method for estimating BSPs as they offer the 
prospect of accuracy and ease of calculation. Some regression equations use Body 
Mass (BM) and Body Height (BH) as the only input variables (Yeadon and Morlock, 
1989). Some other regression equations take into account the differences between 
males and females (Park et al., 1999) whilst others also include analysis of differences 
in race and age (Shan and Bohn, 2003, Pataky et al., 2003, Muri et al., 2008). In order 
to create a regression equation, specific data set is needed; this data set includes the 
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values of the independent and dependent variables. There are a number of different 
measurement methods and research studies that aim at defining this data set and 
create regression equations. Three of them, which have also been used in this project, 
are discussed below. 
Shan and Bohn’s regression equations 
Shan and Bohn’s (2003) regression (SBR) equations use body mass (BM) and body 
height (BH) as two independent variables (input data to the regression equations), 
whilst different equations consider different gender and race. SBR equations are able 
to calculate individuals’ segmental lengths, masses, radii of gyration and moments of 
inertia.  
Shan and Bohn (2003) used the body-profile method and AutoCAD software in order 
to scan and reconstruct the body surface. The scanner used 16 potentiometers in 
total, of which 15 were arranged horizontally in a semi-circle. Each of the 15 
potentiometers was connected with rods that scan the body profile, while the semi-
circle progresses from top to bottom (Left hand side of Figure 2-19). The coordinates 
of each 3D body surface point were obtained from the reconstruction (Right hand side 
of Figure 2-19).  
 
Figure 2- 19: Measuring system for scanning and reconstruct body surface profiles (Shan and 
Bohn, 2003) 
Reconstructed body surface 
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For the generation of the data set and therefore the creation of the regression 
equations, 100 subjects participated; 50 of them were Chinese (Asian) and 50 German 
(Caucasian) whilst half of them were male and half female. The average age was 28 
and the average body mass and body height was 64 kg and 1.71 m respectively.  It is 
worth mentioning that a 16-segment model was applied (Zatsiorsky, 1983) by dividing 
the human body into 16 segments (head, upper, medial and low torso, thigh, shank, 
foot, upper arm, forearm and hand) and the density of each of them was defined 
according to Dempster (1955) report. 
Muri, Winter and Challis regression equations 
Muri, Winter and Challis (2008), based on Gallagher et al. (1997) report that concludes 
that the muscle mass is decreasing linearly with age, created regression equations for 
the BSPs considering variation of age. Muri et al. (2008) regression (MWCR) equations 
were defined using simple linear analysis with age as the only independent variable. 
Similar to BSR equations, MWCR equations are able to be used for calculating 
individuals’ segmental mass, length, and moment of inertia. According to Muri et al. 
(2008), hand mass and length do not change significantly with age. 
The regression analysis considered 68 male subjects. Four body segments, namely the 
thigh, shank, upper arm, and forearm ,of each of them were defined using Yeadon’s 
(1990) geometric solid model. Geometric models are used in order to determine 
inertia properties of any geometrical solid shape, of which the dimensions and density 
are known (in this case, body segments were modelled as series of two truncated 
cones). Geometrical modelling can be used as direct method for estimating subject 
specific BSPs; the method is discussed in the next section. 
De Leva modfied regression equations 
De Leva’s (1996) regression equations are important to be discussed here due to the 
fact that they are used into UK National Shoulder Model (NSM) and in this project. De 
Leva’s (1996) regressions based on the data of Zatsiorsky et al. (1990). Zatsiorsky et al. 
(1990) used a gamma-ray scanner for estimating the BSPs from 115 young adult 
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Caucasian living subjects (100 male/15 female; mean age 24 and 19 respectively). The 
three main reasons which explain why NSM uses these regressions are: The sample 
size on which these data were based was larger than other studies until then; the 
study was carried out on young living and therefore intact subjects; and finally, the 
modifications made by de Leva’s (1996) make the data more appropriate to the NSM.  
2.6.2 Geometrical Models 
Generally, mathematical models describe any system using mathematical concepts 
such as a set of variables and equations that define relationships between them.  
Mathematical models are used in many fields as natural sciences, social sciences and 
more often in engineering disciplines. One type of mathematical model is the 
geometrical model.  
Geometrical modelling is the mathematical description of shapes using geometry. The 
main idea of the geometrical modelling method in anthropometry is the 
representation of the human body by a set of rigid bodies of simple geometric shapes. 
These are used in order to determine the inertial properties using mathematical and 
geometrical approaches. The first mathematical/geometrical model of the human 
body was developed by Simmons and Gardner (1960) in 1960. They describe the 
human body by approximating the body segments using eight simple geometric 
shapes (cylinder and spheres). Two years later, Whitsett (1960) refined the model 
developed by Simmon and Gardner (1960) by using additional geometric shapes. 
Eventually, Whitsett’s (1960) mathematical model was modified and validated by 
Hanavan (1964) in 1964. The Hanavan model has been commonly used until today and 
it is referred as the “gold standard” for geometrical modelling of the human body 
(Hanavan, 1964).  
The main purpose of Hanavan’s (1964) research was the creation of a design guide 
that can predict BSPs of the human body in any fixed body position. According to 
Hanavan (1964), the human body is modelled using 15 geometric solids, while later on, 
in 1990, Yeadon (1990) introduce a stadium solid shape, for modelling the torso 
segments, and presented the human body using 40 geometric solids (Figure 2-20). 
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The disadvantage of both regression equations and geometrical models is that their 
results aren’t comparable with the actual measurements. This results in the limitation 
of these methods’ reliability. Due to this fact, many studies use scanning technology 
for estimating BSPs (Section 2.5.3). 
 
Figure 2- 20: Hanavan (1964) and Yeadon’s (1990) geometric human body models, left and 
right respectively 
2.6.3 Scanning Technology 
Scanning technology includes medical imaging techniques, such as Computer 
Tomography (CT) (Huang and Suarez, 1983, Huang and Wu, 1976), Magnetic 
Resonance Imaging (MRI)(Cheng et al., 2000, Bauer et al., 2007, Martin et al., 1989), 
dual energy X-Ray (DEXA) (Durkin et al., 2002)and gamma-ray (Zatsiorsky et al., 1990). 
Imaging techniques have been used by many studies for estimating BSPs. Despite this, 
several limitations remain with these techniques such as time-consuming, lack of 
readily facilities, danger of exposure to radiation, and high cost. 
Surface scanners is another scanning technology focus on the definition of the external 
surface of an individual (Lewark, 1998). The last twenty years, 3-D scanners have been 
used in several applications of medical and ergonomic field including plastic surgery 
and prosthetics (Vannier and Robinette, 1995), as well as in anti-gravity suits, face 
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masks, automobiles and work spaces (Rioux, 1997).  One of the latest 3D laser systems 
is the DAVID - 3D Scanner (David Vision System, Braunschweig, Germany).  
DAVID is used in this project due to its low cost, user friendly and easy-to-modify 
software as well as its high scanning accuracy. Namely, it has only 0.37 mm root mean 
square (RMS) error for scanning an object at a distance of 600 mm from the camera 
(Winkelbach et al., 2006). Finally, DAVID is applicable to living subjects (Figure 2-21). 
 
Figure 2- 21: 3D Scans of living subject’s head (Winkelbach et al., 2006) 
2.7 Conclusion 
Joints and muscles are the basic unit of motion providing the ability to perform most 
of the everyday tasks. There are some muscles that stabilised the joints (glenohumeral 
joint) such as the supraspinatus and others that produce motion such as the deltoid. 
Injuries related to musculoskeletal system are common. Musclestrain, osteoarthritis, 
rotator cuff tear and shoulder impingement are some of the most commonly caused 
disorders. MSDs can socioeconomically influence both the society and the patient 
herself. In addition, MSDs can affect the body’s functionality and therefore the 
performance of some activities such as eating and driving. In contrast, an activity can 
cause or exacerbate a disorder. Due to this fact, many studies introduce different 
methods for analysing the functionality of the musculoskeletal system with the view to 
prevent musculoskeletal injuries. Musculoskeletal models (MSMs) are introduced in 
one of these methods. Speed of computation and adjustability in different conditions 
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(i.e. loading) are some of MSMs’ advantages whilst low subject-specificity is one 
important disadvantage. Body segment parameters (BSPs) are one of the key model 
input playing an important role in facilitating greater subject-specificity. BSPs can be 
measured in different ways. Some of these include regression equations, geometrical 
modelling and direct measurement techniques such as scanning technology.  
Next chapters introduced three different techniques for defining BSPs with the view to 
use them in the MSMs and increase their subject-specificity and accuracy. Then, an 
MSM model is used for defining the muscle forces of upper limb, focusing on the 
shoulder, during functional tasks. Finally, the results are related to pathological issues. 
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CHAPTER 3: REGRESSION EQUATIONS FOR BODY SEGMENT PARAMETERS 
REGRESSION EQUATIONS FOR BODY 
SEGMENT PARAMETERS 
Musculoskeletal models (MSM) use anthropometrics such as segmental mass, length, 
moment of inertia and centre of mass, namely body segment parameters (BSPs), as 
input data (Chapter 2). BSP accuracy has a great effect on the model output accuracy. 
This chapter explains the theory behind regression analysis for BSPs and provides a 
new data set for the calculation of BSPs. The new regression equations are based on 
combinations of previous studies. Later chapters will develop BSPs further and utilise 
these in musculoskeletal modelling. 
 
 
 
 
 
 
 
 
 
 
Presented at the - UK Shoulder Biomechanics Group 2009 (Newcastle) - as: “Anthropometrical data 
related to body mass and height as well as gender, race and age – using 3 alternative methods”  
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3.1 The Theory Behind Regression Analysis 
In statistics, regression analysis examines the relationship between two or more 
variables to predict the value of one through the value of the others. In every 
regression analysis, there are two types of variables - independent and dependent - 
and unknown parameters. More specifically, independent variable X (i.e. body mass 
and height) is known, while the dependent variable Y (i.e. moment of inertia) depends 
on the value of independent variables. The unknown parameter β or a finite set of 
parameters βi are unique values that theoretically minimise the difference between 
the actual and the predicted values of  dependent variable Y (Eq. 3-1). Different 
techniques have been developed for carrying out regression analysis, such as linear 
regression and ordinary least squares regression (Papadopoulos, 2010).  
          Eq. 3-1 
In linear regression, data is modelled using linear functions. The form of a linear 
regression can be either simple (Eq. 3-2) or multiple. In the first form, there is only one 
independent variable X and the dependent variable Y can be estimated by a linear 
function (Eq. 3-2). For the latter, there are more than one (n) independent variables Xi 
or functions of independent variables (Eq. 3-3). Furthermore, in both cases there is an 
error factor ε that describes the difference between the predicted and the actual value 
of variable Y (Draper and Smith, 1998).  
                   Eq. 3-2 
                                 Eq. 3-3 
Once a regression model is constructed, it is important to confirm how well the 
outcomes that are predicted by the model fit the actual data (goodness of fit of the 
model). A commonly used measure of goodness of fit is R2, the coefficient of 
determination. The coefficient of determination expresses the proportion of variability 
of the variable Y that is explained by the variable X. The closer the value of R2 to the 
unit, the stronger the linear dependence of variables Y and X is (Draper and Smith, 
1998, Papadopoulos, 2010). Equation 3-4 is the most general definition of R2. 
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 Eq. 3-4 
Where SSE is the sum of squares of residuals and SST is the total sum of squares; these 
are expressed by Equations 3-5 and 3-6, respectively.  
            
 
  Eq. 3-5 
           
 
    Eq. 3-6 
In the above equations,    represents the observed values,    represents the mean 
value of the observed data and    represents the predicted values (modelled values) 
(Papadopoulos, 2010, Draper and Smith, 1998). 
The next section explains the method which was used for creating a new regression 
equation by the use of some existing studies. 
3.2 Design New Regression Equations 
In this study, a method that combines previous regression equations using body mass, 
height, race, gender and age, was devised in order to improve accuracy. It is assumed 
that the more variables, such as body mass and height, are taken into account the 
more the regression equations become subject specific and therefore the accuracy is 
increased. In addition, it has been proved that there is difference in anthropometrical 
data and BSPs for different gender and race and therefore they should be taken into 
consideration (Shan and Bohn, 2003). The method used in this study is based on  Muri 
et al.’s (2008) and Shan and Bohn’s (2003) regression equations. 
3.2.1 Introduction 
Shan and Bohn (2003) found that certain BSPs, such as the segmental mass and length, 
can be estimated by single linear regression, but moment of inertia is estimated more 
accurately by multiple linear regression. Therefore, the regression Equation 3-7 can be 
used for estimating any upper limb BSP data, such as mass, centre of mass and 
moment of inertia. 
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                    Eq. 3-7 
Where YSBR is the predicted BSP data, BM and BH are the total body mass in kilograms 
and body height in centimetres. The regression coefficients (bo, b1 and b2) for different 
calculation scenarios (i.e. mass of the forearm of an Asian female) are found in Table 
A-1 to Table A-4 of Appendix A. 
Muri’s et al. (2008) study provides a set of linear regression equations for the 
calculation of BSPs by using age as the only variable for the forearm and the upper 
arm. The general form of the equation that Muri et al. (2008) use is given by Equation 
3-8:  
             Eq. 3-8 
Where YMR is the predicted BSPs’ value and AG is the subject’s age in years. The 
regression coefficients a0 and a1 are given in Table A-5 of Appendix A. 
It is worth pointing out that Muri et al. (2008) used a geometrical modelling approach 
where the upper arm and forearm were represented by truncated cones. The 
truncated cone is symmetrical about the x- and y- axes and therefore moments of 
inertia for both the transverse and anterior axes are the same. Hence, only the 
transverse axis is considered for each segment. In addition, Muri et al. (2008) didn’t 
analyzed the hand segments as they are dominated by bone and do not contain as 
much soft tissue as the other segments (Clarys and Marfell-Jones, 1986). 
 
The fact that Shan and Bohn Regression (SBR) equations (Shan and Bohn, 2003) 
consider BSPs for people with different gender and race but for a mean age in 
combination with the fact that  segment inertial properties vary with age (Muri et al., 
2008), suggests that SBR equations might be less accurate for subjects of a different 
age from that used when defining the equations. 
3.2.2 Methods 
Taking into account  the mean age (28 years old), which Shan and Bohn (2003) used to 
estimate their regression equations, and Muri et al.’s (2008) regression (MR) 
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equations, a percentage error, including the age variable, was found in this study and 
was used to adjust SBR equations. Equations 3-7 and 3-9 represent the given form of 
Shan’s and Bohn’s (2003) and Muri et al.’s (2008) regression equations respectively. 
Equation 3-10 is a constant that is defined by Equation 3-9 using as input value for AG 
the subject’s mean age that Shan and Bohn used in their regression analysis  (Shan and 
Bohn, 2003). The factor F (Eq. 3-11) that gives the percentage of age variation with 
respect to the mean age (28 years old) that SBR equation used is calculated by dividing 
the MR equation by the constant Xc. X is the symbol for a constant, while BM, BH and 
AG are variables for the subject’s specific body mass, body height and age 
respectively. 
               Eq. 3-9 
                             
         
   
     Eq. 3-11 
                             Eq. 3-10 
The simplifications that are made due to the fact that Xa, Xb and Xc are constants, are 
given below (Equation 3-12):  
  
  
      
                                                    Eq. 3-12 
  
  
       
Therefore, Equation 3-7 can be adjusted with the above factor F (Equation 3-12) in 
order for the subject’s age to be taken into account. The new adjusted regression 
equation based on SBR equation is given by Equation 3-13. 
                                     Eq. 3-13 
The values of X1 and X2 are the resultant values from the above calculations and they 
are tabulated in Table 3-1 of Section 3-3. The coefficients b0, b1 and b2, are the same 
coefficients used in SBR equation (Shan and Bohn, 2003); these values can be found in 
Table A-1 to Table A-4 of the Appendix A. Equation 3-13 estimates the segmental 
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mass, centre of mass (CoM) and moment of inertia (MI), whose rotational axis pass 
through CoM for any subject with a known age, race, gender, body mass and height. 
In addition, Dempster’s (1955) cadaveric data was used and compared with the three 
different types of the regression equation, namely the adjusted SBR (Eq. 3-13), the MR 
(Eq. 3-8) and the SBR (Eq. 3-7) equation. Dempster’s (1955) study considered 6 
Caucasian male subjects with an average (± standard deviation) age, mass and height 
69 ±11 years old, 60 ±9 kg and 1.69 ±0.11m respectively. Subject specific values from 
Dampster (1955)  data such as weigh, height, age, gender and race were used in the 
regression equations. An average difference in % was found between the BSPs (mass, 
centre of mass and moment of inertia) calculated by each type of regression equation 
and Dempster’s (1955) data. It is worth mentioning that Dempster (1955) defines MI 
only about the longitudinal axis. 
The next section presents the results found by creating the adjusted regression 
equation as well as comparing it to the cadaveric method. 
3.3 Results 
Table 3-1 and 3-2 tabulate the coefficients X1 and X2 which are used in Equation 3-13 
of Section 3.2.2 for the BSPs calculation. The tables include different values for 
different gender, such as female (F) and male (M), different race, such as Caucasian (C) 
and Asian (A), and different body segment, upper arm and forearm. Specifically, Table 
3-1 can be used for Caucasian male and female subjects while Table 3-2 for Asian male 
and female subjects. 
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BSPs 
CM* CF* 
X1 X2 X1 X2 
Mass (kg) 
Upper arm 1.1273 - 0.0049 1.1334 - 0.0049 
Forearm 1.0314 - 0.0012 1.0328 - 0.0012 
Centre of Mass (cm) 
Upper arm 0.9910 0.0003 0.9906 0.0003 
Forearm 0.9841 0.0006 0.9834 0.0006 
Transverse Moment of 
Inertia (kg cm2) 
Upper arm 1.1834 - 0.0071 1.1927 - 0.0071 
Forearm 1.0085 - 0.0003 1.0089 - 0.0003 
Longitudinal Moment of 
Inertia (kg cm2) 
Upper arm 1.1599 - 0.0062 1.1678 - 0.0062 
Forearm 1.0265 - 0.0010 1.0276 - 0.0010 
*CM= Caucasian Male, CF=Caucasian Female 
Table 3- 1: Coefficients of the Equation 3-13; given by dividing the MR coefficients (Appendix 
A) by the BSPs values calculated from MR equations for a mean age 28 
BSPs 
AM* AF* 
X1 X2 X1 X2 
Mass (kg) 
Upper arm 1.1603 - 0.0051 1.1373 - 0.0050 
Forearm 1.0387 - 0.0012 1.0337 - 0.0012 
Centre of Mass (cm) 
Upper arm 0.9890 0.0003 0.9904 0.0003 
Forearm 0.9806 0.0006 0.9830 0.0006 
Transverse Moment of 
Inertia (kg cm2) 
Upper arm 1.2340 - 0.0074 1.1986 - 0.0072 
Forearm 1.0105 - 0.0003 1.0091 - 0.0003 
Longitudinal Moment of 
Inertia (kg cm2) 
Upper arm 1.2029 - 0.0064 1.1729 - 0.0062 
Forearm 1.0326 - 0.0010 1.0283 - 0.0010 
* AM=Asian Male, AF=Asian Female 
Table 3-2: Coefficients of the Equation 3-13; given by dividing the MR coefficients (Appendix A) 
by the BSPs values calculated from MR equations for a mean age 28 
Table 3-3 shows the average percentage different was found by comparing the 
adjusted SBR, SBR and MR equations with the Dempster’s (1955) cadaveric data. This 
includes the average difference between the BSPs (mass, centre of mass and moment 
of inertia about the longitudinal axis) found by using the regression equation and the 
actual values from the cadavers both for the upper arm and forearm. 
  
 
Adjusted SBR (%) SBR (%) MR (%) 
M*2 CoM*2 MIL*
2 M*2 CoM*2 MIL*
2 M*2 CoM*2 MIL*
2 
D
e
m
p
. UA*1 -24.75 2.92 7.75 -6.21 2.89 9.43 41.87 0.29 -17.99 
FA*1 -4.49 0.29 1.74 1.07 0.23 2.58 37.79 -3.09 -45.79 
 *
1
UA= Upper Arm, FA=Forearm, *
2
M=mass, CoM=centre of mass, MIL=Moment of Inertia about Longitudinal axis 
Table 3-3: Average difference in % between each type of the regression equation and 
Dempster’s (1955) data 
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3.4 Discussion 
This study introduces an adjustment where an age factor is added to Shan’s and 
Bohn’s (2003) data set/regression equations. The importance of this adjustment is 
logically explained by Muri’s et al. (2008) research where segmental inertial properties 
vary with age. Due to this fact, Muri’s et al. (2008) equation were used in order to 
define the variation of BSPs with age. It is worth mentioning that the maximum 
difference of BSPs’ values for ages between 20 and 70 years old can be 21.7%, 31.2% 
and 27.2% for mass (M), transverse (MIT) and longitudinal moment of inertia (MIL) 
respectively as it was found by using Muri’s et al. (2008) equations (Figure 3-1). 
Moreover, it was found that the centre of mass (CoM) does not vary significantly with 
age.  
 
Figure 3- 1: Percentage maximum difference of BSP values for ages 20-70 years old 
Considering the comparison between the regression equations and the cadaveric data 
was found some significant differences. The percentage difference between the 
adjusted SBR and cadaveric values was found to be smaller than the percentage 
difference between the other two methods and cadaveric values, regarding the 
moment of inertia for both the upper arm and forearm. By comparing the cadaveric 
method with the adjusted SBR it was found that the maximum average difference 
regarding the MI was 7.75% for the upper arm. 
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The method that gives the closest values to cadaveric values for both the upper arm 
and forearm regarding the segmental mass is the SBR, with the maximum average 
difference of 6.21% presented for the upper arm. By using the adjusted SBR method, 
the average difference from the cadaveric values regarding the segmental mass is 
higher for both the upper arm and forearm.  
According to the centre of mass, the average difference from the cadaveric values is 
similar for all the three methods. The highest average difference is 3.09% between the 
cadaveric values and MR method for the forearm. These differences can be explained 
by the limitations in this study.  
The cadaveric method was considered as the ‘gold standard’ method for many years 
due to the fact that it was the only way to measure BSPs directly. These days, there 
are numerous different techniques, such as scanning, which is another way to 
measure BSPs directly. Dempster’s data (1955) could be 100% accurate, if the 
following limitations did not exist. First of all, the fact that there is a small number of 
subjects who are elderly Caucasian males (average age 69 years old) makes the data 
not applicable to the general population, namely people of different race, gender or 
age. Secondly, the fluid and tissue loss during the segmentation process has not been 
quantified and accounted in the results. Moreover, there is no proven evidence that 
the dead tissue has the same or similar properties with the living tissue. Finally, 
another limitation is the lack of proof that the mass, height and age are independent 
of each other. Due to limited access to previous studies’ data, this cannot be checked. 
These are some of the reasons why the differences tabulated in Table 3-2 are high.  
Finally, due to the limit access on the Shan’s and Bohn’s (2003) analytical data, a 
goodness of fit analysis is not possible on the new modified regressions found in this 
study; this is one main limitation that needs to be taken into account and included in 
the future work. 
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3.5 Conclusion 
Regression analysis is one of the most common ways to calculate individuals’ BSPs in a 
fast way. Regression equations have one or more independent variables. Shan’s and 
Bohn’s (2003) regression equations can be used for estimating BSPs, considering the 
race and gender in the calculation of equation’s parameters and body mass (BM) and 
body height (BH) as two independent variables. Muri et al. (2008) defined a set of 
regression equations that depends on subject’s specific age and they proved that BSPs 
vary with age. In this project, these regression equation data sets were studied in 
order to create new “combined” regression equations that include both SBR and MR 
equations’ independent variables. All three regression equation methods were 
compared with Dempster’s (1955) cadaveric data; the results showed significant 
differences in all three different methods.  The limitations explained above lead to the 
use of another method/ technique that uses geometrical modelling for measuring 
BSPs and is analysed and reviewed in Chapter 4. 
  
60 
CHAPTER 4: GEOMETRICAL MODELLING 
GEOMETRICAL MODELLING 
Due to the importance of body segment parameters (BSPs) in musculoskeletal 
modelling and the fact that the use of regression equations for BSPs (Chapter 3) is not 
subject-specific, another technique which uses segmental specific parameters, 
including segmental circumferences, lengths and widths, is discussed and analysed in 
this chapter. Specifically, this technique uses a mathematical model of the human 
body based on experimentally-determined distribution of mass and standard 
anthropometric dimensions of any subject. The purpose of this study is to estimate 
BSPs of upper limb by using different geometrical modelling approaches; the 
approaches are compared and analysed further while a new regression data set are 
designed. 
 
 
 
 
 
 
 
 
 
Presented at the International Shoulder Group (ISG) 2012 (Wales) as: “The use of simplified geometrical 
models for defining body segment parameters in musculoskeletal models” 
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4.1 Mathematical Description of a Geometrical Model of the 
Human Body for use as BSPs  
Human body segments can be modelled by using two main geometric groups: Semi-
Ellipsoids (SE) or Elliptical Solids. Each group is divided into other subcategories as 
shown in Figure 4-1. Different geometric shapes are considered for different body 
segments. Mass (M), centre of mass (CoM) and moment of inertia (MI), whose 
rotational axes pass through the CoM, can be defined by deriving some basic integral 
functions for each different shape or segment. It is worth mentioning that in 
geometrical modelling the rigid bodies or segments are considered as having a 
continuous mass distribution with regularly shaped geometry. Regular bodies allow 
the evaluation of the integrals, as the geometry is defined. In cases where the mass is 
evenly distributed, the evaluation of the integral is simplified.  
 
 
 
 
 
 
 
 
 
 
 
Figure 4- 1: Geometric groups and their subcategories that are used for defining the 
geometrical model of the human body 
Semi-Ellipsoid (SE) 
Ellipsoid 
Ellipsoid of Revolution 
Sphere 
Elliptical Solid (ES) 
Elliptical Cylinder 
Truncated Circular Cone 
 
Circular Cylinder 
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As far as the mass (M) of any rigid body with uniform mass distribution (uniform 
density, ρ) is concerned, it can be defined by multiplying the body’s density by its 
volume V. If it is assumed that a rigid body is a sum of small particles with mass dm 
and volume dV (Figure 4-2), then the body’s total (Σ) mass will be given by Equation 4-
1. 
                Eq. 4-1 
 
Figure 4- 2: Demonstration of small particles in a rigid body of continuous mass distribution  
The CoM along the centreline (Z) of any regularly shaped rigid body is equal to the sum 
of the moments of each particle about the origin (Ο) divided by the body’s total mass 
(M) (Equation 4-2). 
   
     
   
  Eq. 4-2 
Finally, the moment of inertia (MI) about the axis of symmetry (Z) is given by Equation 
4-3. 
                Eq. 4-3 
Where r is the perpendicular distance of the particle from the axis of symmetry (Z). 
Therefore, the mass (M), the centre of mass (CoM) and the moment of inertia (MI) for 
any semi-ellipsoid and elliptical solid body can be calculated by using Equations 4-4 to 
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4-12 and Figures 4-3 & 4-4 (Yeadon, 1990, Kwon, 1996, Hanavan, 1964). The analytical 
derivation of these equations is found in Appendix B. 
  
Figure 4- 3: M, CoM and MI for a Semi-Ellipsoid (SE) solid body (Hanavan, 1964) 
      
  
 
          Eq. 4-4 
       
  
 
  Eq. 4-5 
        
  
  
                Eq. 4-6 
        
  
  
                  Eq. 4-7 
        
  
  
                   Eq. 4-8 
Where ρ is solid’s density and α, b, c are illustrated in Figure 4-3. 
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Figure 4- 4: M, CoM and MI for an Elliptical (ES) solid body (Yeadon, 1990) 
                     Eq. 4-9 
       
        
        
      Eq. 4-10 
        
 
 
                               Eq. 4-11 
        
 
 
                     
           Eq. 4-12 
        
 
 
                     
           Eq. 4-13 
Where G1, G2, G3 and G4 are integral functions that are found in the Appendix B and 
L is illustrated in Figure 4-4. 
Subcategories of these geometric shapes are derived by using the properties shown in 
Table 4-1.   
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Main Geometry Group Subcategory Geometric Shape Properties 
Semi-Ellipsoid 
Ellipsoid m= 2mSE , CoM =c 
Ellipsoid of Revolution a=b, m= 2mSE , CoM =c 
Sphere a=b=c, m= 2mSE, CoM=c 
Elliptical Solid 
Truncated Circular Cone ao=bo , a1=b1 
Elliptical Cylinder ao=a1 , bo=b1 
Circular Cylinder ao=a1 = bo=b1 
Table 4- 1: Geometric shapes properties of all subcategories (Kwon, 1996) 
4.1.1 Whole-body and segmental human density 
In order to calculate the human BSPs as described in Section 4.1, body or segmental 
density ρ is required. Human bodies consist of different types of tissues such as bones, 
muscles and fat and each of these has a different density. In 1942, Behnke introduced 
the first type of regression equation that calculates whole-body density based on body 
build (somatotype) of individuals. Later on, Pascale (1956) developed another 
equation (ρ(WB)) that is based on the height (H) and weight (W) of individuals (Equation 
4-14).  
             
    
    
  Eq. 4-14 
Where ρ is density in kg/Litre, W is body mass in kg and H is height in m. 
According to the Equation 4-14, a tall and skinny person presents a higher body 
density than a fat, short person. This, therefore, is similar in construct to the work of 
Behnke. 
As mentioned above, the human body consists of different types of tissues making the 
density of the human body distributed non-uniformly. In general, distal segments such 
as the hand, the forearm and the upper arm have different density than the average 
whole-body density, which is defined by the Equation 4-14; this arises due to the fact 
that distal segments have greater proportion of bone tissue than any other tissue 
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(Winter, 2009). In 1972, Contini developed a graphical illustration of the relationship 
between the whole-body density and segmental density (Figure 4-5). 
 
Figure 4- 5: Density of limb segments as a function of average body density (Contini, 1972) 
Therefore, any subject-specific body segment parameter (BSP) can be determined by 
representing the human bodies with different geometries; the geometrical parameters 
can be measured directly on the subject and the density can be estimated by using 
Contini’s (1972) graph. In this study, geometrical modelling of the upper limb of the 
human body is based the Hanavan (1964) and Yeadon (1990) geometrical BSP 
equations, which were adapted and modified by Kwon and Chung (Kwon, 1996, Chung 
et al., 1998). The aim of this study is to examine the difference of representing the 
upper limb with different shapes and define a geometrical modelling able to be used in 
musculoskeletal models (MSMs). The next section presents the analytical development 
of this research. 
4.2 Analytical Development 
In this study, the upper limb was represented by different geometric shapes using two 
different approaches (Table 4-2 and 4-3). In the first one (simplified approach- 
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Approach A), the body segments were represented by shapes which use two 
parameters, whilst the second approach (Approach B) uses different solid shapes with 
one extra parameter. Based on a considered process, the most appropriate 
geometrical solids were: ellipsoid of revolution, elliptical cylinder, circular cylinder and 
truncated cone.  Specifically, the hand was represented by ellipsoid of revolution 
(Approach A) and elliptical cylinder (Approach B). The forearm and upper arm were 
represented by two circular cylinders (Approach A) and two truncated circular cones 
(Approach B). The two different approaches were used for two reasons: first, to 
examine the difference of BSPs of the hand at different states (open and close) and 
second, to compare and analyse different geometrical representation of the upper 
arm in order to define a suitable geometrical modelling approach for using in the 
MSMs. Figures 4-6–4-8 illustrate the geometrical model representation. The two 
methods are compared and analysed in Section 4.4 and 4.5. 
         
 
Figure 4- 6: Open and closed hand represented by an elliptical cylinder (a) and an ellipsoid of 
revolution solid (b)  
(a) (b) 
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Figure 4- 7: The forearm represented by a truncated circular cone (a) and a circular cylinder 
solid (b) 
 
Figure 4- 8: The upper arm represented by a truncated circular cone (a) and a circular cylinder 
solid (b) 
The correspondence between the body segments and the geometric solid shapes is 
tabulated in Tables 4-2 and 4-3. 
(a) 
(b) 
(a) 
(b) 
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 Geometric  Shape Symbols description 
Hand 
(closed) 
Ellipsoid of Revolution     
  
  
    
  
 
 
Forearm Circular Cylinder             
  
  
       
Upper arm Circular Cylinder             
  
  
       
Table 4- 2: Geometrical representation and parameters of body segments for the first 
approach (Kwon, 1996) 
 
 Geometric  Shape Symbols description 
Hand 
(open) 
Elliptical Cylinder        
   
 
       
  
  
          
Forearm Truncated Circular Cone       
  
  
        
  
  
      
Upper arm Truncated Circular Cone       
  
  
        
  
  
      
Table 4- 3: Geometrical representation and parameters of body segments for the second 
approach (Kwon, 1996) 
The symbols a and b in  Tables 4-2 and 4-3 are the  properties of the geometric shapes, 
whilst P represents the anthropometric parameters that are used in this geometrical 
model and are shown in Table 4-4 and Figure 4-9. 
 
No Parameter No Parameter 
P1 Length, Wrist to Knuckle P7 Circumference, Elbow 
P2 Length, Forearm  P8 Circumference, Axillary Arm 
P3 Length, Elbow to Acromion P9 Circumference, Hand 
P4 Circumference, Fist P10 Width, Hand 
P5 Circumference, Wrist P11 Length, Hand 
P6 Circumference, Forearm(midpoint) P12 Circumference, upper arm(midpoint) 
Table 4- 4: Anthropometric parameters (Kwon, 1996) 
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Figure 4- 9: Anthropometric parameters that are used in geometrical modelling 
Tables 4-2, 4-3 and 4-4, together with the Equations 4-4 to 4-13 and the whole-body or 
segmental densities, are used for defining the BSPs for each upper limb segment. Both 
a MATLAB code and an Excel spreadsheet with input data only the anthropometric 
parameters were devised for the accurate and fast calculation of any subject’s specific 
BSP.  
As far as density is concerned, the whole-body density was calculated using the 
Equation 4-14 that was presented in Section 4.1.1, while segmental density was 
calculated using a set of equations (4-15 – 4-17) that was derived from Contini’s 
(Contini, 1972) graph (Figure 4-10). 
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Figure 4- 10: Relationship between body and segmental density (modified from Contini, 1972) 
Equations 4-15 to 4-17 give the linear relationship between whole-body and 
segmental density. 
                       Eq. 4-15 
                       Eq. 4-16 
                   Eq. 4-17 
Where, ρ(i) is the segmental density in kg/m
3 and X is the whole body density in kg/m3. 
4.3 Methods  
All the necessary anthropometric parameters of Table 4-4 as well as the height and 
mass were collected from 10 subjects (5 males and 5 females; 22-33 years old; 55-78 
kg; 1.62-1.86 m). A wall mounted height meter (Hab Essential, Hab Direct Ltd) was 
used for measuring the height against the wall while the anthropometric parameters 
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were measured by using a body tape (Myotape, Accu Measure LLC). The weight was 
defined by using a weight balance (Digital Fitness Scale, Taylor Precision Products Inc). 
The parameters were used for creating 20 upper limb solid models, 10 for each 
approach.  The body segment parameters which were found using these models were 
used for comparing the models and the different states of the hand (open and closed) 
as well as defining a new set of regression equations.  
It is worth mentioning that the CoM for each segment is defined as the distance from 
the distal joint considering the hand (wrist) and proximal joint considering the forearm 
and upper arm (elbow and glenohumeral joint respectively). Moreover, MIy, MIx and 
MIz refer to each segment’s moment of inertia about an antero-posterior, transverse 
and longitudinal axis respectively. The hand has different MI and CoM when it is closed 
or open. This makes an important reason for using two different geometric solid 
shapes for defining hand’s BSPs. The closed hand is represented by an ellipsoid of 
revolution (Approach A), whilst the open hand is represented by an elliptical cylinder 
(Approach B) (Figure 4-6).  
The regression tool in Excel 2010 data analysis was used for the statistical analysis in 
this study. Specifically, a linear regression analysis of variance (ANOVA) was used to 
design and evaluate a new set of regression equations. The analysis included the 
estimation of the Residuals (the differences between the value of the predicted and 
actual values), the R Square values (Section 3.1) as well as the P-value; if the data fit 
exactly the regression equation then the R2 would be 1. 
The P (probability) - value measures the probability that dependent variables 
(BSPs) are not derived by chance. The lower the probability, the higher the likelihood 
of that the independent variable (body mass) really influences the output/dependent 
variables (BSPs). 
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4.4 Results  
In this section, the results of the mass (M), the centre of mass (CoM) and the moment 
of inertia (MI), whose rotational axes pass through CoM which was found for each 
segment are presented individually. 
4.4.1 Geometrical modelling of the hand 
Figure 4-11 illustrates the mass of the hand as a function the body mass using both 
approaches (Approach A and B). As it is expected, both approaches have similar results 
for the hand giving an average range of mass of 0.35-0.55 kg (Figure 4-11).  
 
Figure 4- 11: Mass of the hand as a function the body mass using two approaches 
As far as the centre of mass (CoM) is concerned, Figure 4-12 shows the distance of the 
centre of mass from the wrist in metres. For the open hand, it was found that the CoM 
is about 0.9m away from the joint (wrist), whilst for the closed hand it is 0.5m (Figure 
4-12). The linear regression of the data shows a positive linear relationship between 
the CoM and body mass. However, the slope of the line is very small. This means that a 
large increase of the body mass entails a very small increase of the distance of the 
centre of mass from the wrist. 
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Figure 4- 12: Centre of mass of the hand as a function of the body mass using two approaches 
Figure 4-13 and 4-14 illustrate the moment of inertia of the hand as a function the 
body mass. Regarding the moment of inertia of a closed hand, it is the same for the 
antero-posterior and transverse axis due to the circular base (equal distance of x and y 
axis) of the solid shape by which the hand is represented. It was found that the open 
hand presents higher values of MIx and MIy than these of the closed hand. This can be 
explained by the fact that the perpendicular distance from the X and Y axis (length of 
the hand) is different when the hand is open.  In contrast to the moment of inertia 
about the antero-posterior and transverse axis, the moment of inertia about the Z axis 
is similar for both approaches because the perpendicular distance from Z axis (width of 
hand) is similar for both the closed and the open hand. The range of MIx and MIy for 
the closed hand is about 0.0005-0.00055kg∙m2 and for the open hand 0.0010-
0.0020kg∙m2, while MIz is 0.0002-0.0004kg∙m
2 for both the closed and the open hand 
(Figure 4-13 − 4-14). 
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Figure 4- 13: Moment of inertia of the hand about the antero-posterior and transverse axis as 
a function of the body mass using two approaches for each subject 
 
Figure 4- 14: Moment of inertia of the hand about the longitudinal axis as a function of the 
body mass using two approaches for each subject 
Summarising the results, Figure 4-15 shows the differences between the two 
geometrical approaches. It can be seen that the mass and the moment of inertia about 
the Z axis are very similar for the two approaches. The distance of the wrist from the 
centre of mass of the hand when it is closed is about 40% smaller than the same 
distance when the hand is open. Finally, it was found that the moment of inertia about 
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the X and Y axis of the closed hand is about 70% lower than the moment of inertia 
about the same axes of the open hand. 
 
Figure 4- 15: Difference in % between closed and open hand geometrical modelling for each 
subject 
4.4.2 Geometrical modelling of the forearm 
The forearm is represented using two different geometric solid shapes, the circular 
cylinder (Approach A) and the truncated circular cone (Approach B). Figure 4-16 shows 
the mass of the forearm as a function of the body mass. It can be seen that the the 
body mass plays an important role for the mass of the forearm and its moment of 
inertia. Regarding the mass of the forearm, the results show that the segmental mass 
difference between the two approaches presents a small increase as the body mass 
increases. Both approaches present similar results giving an average range of mass of 
0.9-1.3 kg (Figure 4-16). Finally, the linear regression of the data shows a positive 
linear relationship between the forearm mass and the body mass; at the same time, it 
can be noticed that the circular cylinder approach, when it is compared with the 
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truncated cone approach overestimates the segmental mass for subjects with body 
mass higher than 65 kg. 
Figure 4- 16: Mass of the forearm as a function of the body mass using two approaches for 
each subject 
Figure 4-17 shows the distance of the centre of mass (CoM) of the forearm from the 
elbow in meters. For the circular cylinder approach (Approach A), it was found that the 
CoM is about 0.13m away from the joint (elbow) whereas for the truncated cone 
approach (Approach B) it is 0.11m (Figure 4-17). The distance of the CoM from the 
elbow is expected to be larger in the circular cylinder approach than this in the 
truncated cone approach due to the different volume distribution of the solid shapes. 
The linear regression of the data shows that there is no positive or negative 
relationship between the CoM and the body mass. More specifically, the position of 
the CoM remains approximately the same irrespective of the body mass.  
y = 0.0181x - 0.09 
R² = 0.7248 
y = 0.0145x + 0.1228 
R² = 0.615 
0.4000 
0.6000 
0.8000 
1.0000 
1.2000 
1.4000 
1.6000 
50 55 60 65 70 75 80 
M
as
s 
(k
g)
 
Body Mass (kg)  
Mass (Circular Cylinder) Mass (Truncated Cone) 
Linear (Mass (Circular Cylinder)) Linear (Mass (Truncated Cone)) 
78 
 
Figure 4- 17: Centre of mass of the forearm as a function of the body mass using two 
approaches for each subject 
Figure 4-18 and 4-19 show the moment of inertia of the forearm about the tranverse, 
antero-posterior and longitudinal axis. Regarding the moment of inertia of the 
forearm, for both geometrical approaches, the moment of inertia about the X and Y 
axis is the same due to the assumption that has been made that both the truncated 
cone and the circular cylinder have circular bases (Section 4.1). It was found that the 
circular cylinder presents higher values of MIx and MIy than these of the truncated 
cone (Figure 4-18). The range of MIx and MIy for the circular cylinder is about 0.0060-
0.0080kg∙m2 and for the truncated cone 0.0040-0.0050kg∙m2, while MIz is about 
0.0004-0.0008kg∙m2 for both geometrical approaches (Figure 4-18 − 4-19).  
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Figure 4- 18: Moment of inertia of the forearm about the transverse and the antero-posterior 
axis as a function of the body mass using two approaches for each subject 
 
Figure 4- 19: Moment of inertia of the forearm about the longitudinal axis as a function of the 
body mass using two approaches for each subject 
Summarizing the results, Figure 4-20 shows the differences between the two 
geometrical approaches. It was found that the mass of the forearm is approximately 
the same for both approaches. Moreover, the CoM of the circular cylinder is about 
20% farther away from the elbow than the CoM of the truncated cone. Finally, it is 
worth mentioning that the range of the difference of the MI between the two 
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approaches is wide due to the fact that the circumference of the forearm (which is one 
of the two parameters that define the circular cylinder solid) was taken randomly in 
the midpoint. 
 
Figure 4- 20: Difference in % between the circular cylinder & the truncated cone approach 
which represents the forearm for each subject 
4.4.3 Geometrical modelling of the upper arm 
Similar to the forearm, the upper arm is represented using two different geometric 
solid shapes, the circular cylinder (Approach A) and the truncated circular cone 
(Approach B). Figure 4-21 illustrate the mass of the upper arm by using both 
approaches. Similarly to the forearm, the upper arm is represented by a truncated 
circular cone (second approach) and a circular cylinder (first approach) (Figure 4-8). 
Figure 4-21 illustrates the mass of the upper arm using both geometrical approaches. 
In contrast to the hand and the forearm, the two approaches gave different results for 
the mass of the upper arm. This results from the fact that the circumference of the 
axillary arm, which was used in truncated cone approach, is significantly larger than 
the circumference of the upper arm, which was used for defining the circular cylinder. 
Regarding the mass of the upper arm, both approaches present a similar pattern and 
positive linear relationship between the body mass and the upper arm mass.  
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Figure 4- 21: Mass of the upper arm as a function of the body mass using two approaches for 
each subject 
Figure 4-22 illustrates the centre of mass (CoM) of the upper arm. The y axis shows the 
distance of the CoM to the glenohumeral joint in metres. As far as the centre of mass 
(CoM) is concerned, Figure 4-22 shows the distance of the centre of mass (CoM) from 
the glenohumeral joint in meters. For the circular cylinder approach, it was found that 
the CoM is about 0.16m away from the joint (glenohumeral joint) whereas for the 
truncated cone approach it is 0.14m. The distance of the CoM from the glenohumeral 
joint is expected to be larger in the circular cylinder approach than this in the 
truncated cone approach due to the different volume distribution of the solid shapes. 
The linear regression of the data shows that there is no positive or negative 
relationship between the CoM and the body mass. More specifically, the position of 
the CoM remains approximately the same irrespective of the body mass.  
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Figure 4- 22: Centre of mass of the upper arm as a function of the body mass using two 
approaches for each subject 
Figure 4-23 and 4-24 show the moment of inertia of the upper arm as a function of the 
body mass using both Approach A and B. Similarly to the forearm (Section 4.4.2 and 
4.5.2), the moment of inertia about the X and Y axis is the same for both approaches 
due to the circular bases of the solid shapes (Section 4.1). It was found that the 
truncated cone presents higher values of MIx and MIy than these of the circular 
cylinder (Figure 4-20). The range of MIx and MIy for the circular cylinder is about 
0.0150-0.0270 kg∙m2 and for the truncated cone 0.0120-0.0250 kg∙m2 (Figure 4-23). 
Regarding MIz, the range of its values is about 0.0010-0.0030 kg∙m
2 and 0.0020-0.0050 
kg∙m2 for the circular cylinder and the truncated cone respectively (Figure 4-24).  
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Figure 4- 23: Moment of inertia of the upper arm about the transverse and the antero-
posterior axis as a function of the body mass using two approaches for each subject 
 
Figure 4- 24: Moment of inertia of the upper arm about the longitudinal axis as a function of 
the body mass using two approaches for each subject 
Overall, Figure 4-25 shows the differences between the two geometrical approaches. 
In contrast to the hand and the forearm, the geometrical models that were used to 
define the upper arm’s mass do not seem to have similar results; the circular cylinder 
approach gave an average mass value of about 25% lower than that of the truncated 
cone approach. Moreover, the CoM of the truncated cone approach is about 10% 
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closer to the joint than the CoM of the circular cylinder approach. Finally, the MI about 
the X and Y axis for the circular cylinder approach is on average 10% lower than this of 
the truncated cone approach, whilst the MI about the Z axis for the circular cylinder 
approach is on average 45% less than this of the truncated cone approach. 
 
Figure 4- 25: Difference in % between the circular cylinder & the truncated cone approach for 
each subject 
4.4.4 Regression analysis and data output summary 
This section summarise the results found from the regression analysis and the 
differences between the two geometrical approaches which were used for 
representing the upper limb.  
Table 4-5 shows the regression statistics of the ANOVA (analysis of variance), including 
the R-Squared (R2) and the P-Value. The R-squared values indicate that the regressions 
which were found by using approach A represented better the data than approach B 
considering the mass and MIx and MIy of the hand and forearm, in contrast to the 
upper arm. In statistical significance testing the p-value is the probability of obtaining a 
test statistic at least as extreme as the one that was actually observed. The alpha value 
of 0.05 was chosen here. The highest R-squared value found on the regression which 
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represents the mass of upper arm was found using approach B. In general, the P-value 
was lower than 0.016 except for the values which described the CoM for all upper limb 
segments, with a range of 0.0418 – 0.9450. 
 
 
BSP R Square P-Value 
Closed Hand (Approach A) 
mass 0.6128 0.0074 
CoM 0.4228 0.0418 
MIz 0.6006 0.0085 
MIx 0.6124 0.0075 
MIy 0.6124 0.0075 
Open Hand (Approach B) 
mass 0.5357 0.0161 
CoM 0.4042 0.0482 
MIz 0.6727 0.0037 
MIx 0.5265 0.0175 
MIy 0.5729 0.0113 
Forearm (Approach A) 
mass 0.7248 0.0018 
CoM 0.0139 0.7458 
MIz 0.7226 0.0009 
MIx 0.5214 0.0184 
MIy 0.5214 0.0184 
Forearm (Approach B) 
mass 0.6150 0.0072 
CoM 0.0007 0.9405 
MIz 0.7687 0.0018 
MIx 0.3173 0.0899 
MIy 0.3173 0.0899 
Upper arm (Approach A) 
mass 0.8039 0.0001 
CoM 0.2864 0.1109 
MIz 0.7664 0.0008 
MIx 0.7664 0.0005 
MIy 0.7664 0.0005 
Upper arm (Approach B) 
mass 0.8509 0.0004 
CoM 0.2040 0.1900 
MIz 0.7762 0.0009 
MIx 0.7762 0.0024 
MIy 0.7762 0.0024 
Table 4- 5: Regression statistics 
Table 4-6 summarise the average difference between the two geometrical approaches 
which were used for repressing the upper limb. It can be seen that the two different 
approaches leads to different results. Also, it can be noticed that the different states of 
hand results to different BSPs. The highest difference found between approach A and 
B (open and closed hand) for the MIx and it was 68.2%. In overall the mass between 
the two approaches show 5-6 % difference for the hand and forearm and 22% for the 
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upper arm. The difference found between the approaches for the CoM varies between 
11 % and 43 %.  
 
 
Mass (%) CoM (%) MIz (%) MIx (%) MIy (%) 
Closed (Appr. A) Vs Open (Appr. B) Hand 5.5 43.1 9.4 68.2 73.2 
Forearm (Appr. A Vs B) 6.2 18.7 12.1 31.4 31.4 
Upper arm (Appr. A Vs B) 22.0 11.4 40.7 10.9 10.9 
Table 4- 6: Absolute differences between approach A and B in % 
Figure 4-26 shows the residuals plot for the closed hand (approach A); the rest of the 
plots are shown in Appendix B (Figure B.1 – B.24). The residuals are shown in the 
vertical axis and the independent variable on the horizontal axis. It can be seen that 
the points in the residual plot are dispersed around the horizontal axis without 
showing any symmetrical pattern or constant spread throughout the range. 
 
 
Figure 4- 26: Residual plot for the CoM of closed hand (Approach A) 
In the next section (4.5), the results were found on this study are analysed and 
discussed. 
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4.5 Discussion 
The purpose of this study was to estimate the BSPs by using two different geometrical 
modelling approaches which is the representation of human segments by different 
solid shapes. At the same time, the output data was used to compare the different 
approaches and states of the hand (open and closed) as well as to design new 
regression equations.  
Cheng-Kung et al. (2000) estimated the body segment parameters of Chinese adults by 
using a magnetic resonance imaging (MRI) approach. Specifically, they reconstructed 
the tissues into geometrical shapes by using the MRI scans, then the volume of each 
tissue was defined and a uniform density was applied at each different tissue for 
calculating the BSPs. The results were compared with the data of this study and shown 
in Table 4.7. Overall, the results of this study seem to satisfy the literature. The 
differences with the literature may be due to the different boundary definitions and 
the subjects that were used, such as different age, race, gender and overall body 
dimension. 
 
 M(kg) CoM(cm) 
MIx (kgm2) 
*103 
MIy (kgm2) 
*103 
MIz (kgm2) 
*103 
Hand 
Literature 0.42 (0.20) 7.98 (0.61) 0.64 (0.32) 0.58 (0.32) 0.13 (0.06) 
Approach A 0.46 (0.08) 5.44 (0.30) 0.43 (0.12) 0.43 (0.12) 0.32 (0.10) 
Approach B 0.44 (0.08) 9.57 (0.56) 1.63 (0.47) 1.37 (0.38) 0.29 (0.10) 
Forearm 
Literature 0.96 (0.19) 12.59(1.96) 4.28 (2.50) 4.22 (2.56) 0.48 (0.13) 
Approach A 1.11 (0.19) 13.28(0.65) 6.90 (1.5) 6.90 (1.5) 0.65 (0.21) 
Approach B 1.08 (0.16) 11.19(0.66) 5.28 (1.19) 5.28 (1.19) 0.66 (0.18) 
Upper 
arm 
Literature 2.56 (0.32) 14.20(2.24) 17.28 (3.2) 16.64 (3.2) 1.60 (0.45) 
Approach A 2.17 (0.53) 16.36(0.9) 20.79(6.76) 20.79(6.76) 2.16 (1.03) 
Approach B 2.78 (0.59) 14.65(0.6) 23.03(6.66) 23.03(6.66) 3.60 (1.48) 
Table 4- 7: Average and SD () values of BSPs; Cheng-Kung et al. (2000) Vs this study 
It is worth mentioning that Cheng-Kung et al. (2000) defines the hand similarly to the 
approach A (closed). This explains the substantial differences with the literature 
considering the hand when it is open (approach B). It is noticable that the SDs found 
for the BSPs for the hand and forearm in this study were lower than the SDs found in 
the Cheng-Kung et al. (2000) study except the MIz of the hand. Considering the upper 
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limb, the high SD differences between this study and the literature could be due to the 
difficulty of defining the boundaries by using the technique of this study (especially the 
anterior point, acromion) in contrast to MRI approach which was used in the 
literature. Also, Cheng-Kung et al. (2000) and this study used different type of subjects 
in terms of body dimension, race, gender and age; according to Chapter 3, these play 
an important role on the BSP’s results. 
Considering the hand and the upper arm, the results which were found by using the 
approach A seem to be closer to the literature; despite this, it is hard to generalise and 
identify the best approach. The outcome of this study is that the effect of the 
geometrical representations on defining BSPs as well as the importance of the 
different state of the hand when it is closed or open have now been quantified. 
4.5.1 Regression analysis 
Regression analysis, again, establishes a correlation between two or more variables (in 
this study BSPs were correlated to the body mass). However, correlation does not infer 
causation. Even a line that fits the data points closely may not say something definitive 
about causality (Kleinbaum, 2007). In this study a linear regression analysis was used 
while the model was validated by looking at the residual plots, R-squared and P- 
values. Unfortunately, these values were only used to judge whether the best-fitting 
line does in fact fit the data to an adequate degree but there is not some standard 
thresholds identifying these values.  For this study, it was assumed that a poor 
correlation between the independent (body mass) and dependent variables (BSP 
values) is when the value is below 0.5. Considering this assumption, the regressions in 
this study showed a good agreement between the mass and the body mass (R2 = 0.53 
– 0.85) as well as between the moment of inertia and the body mass (R2=0.52 – 0.77) 
except the MIx and MIy of the forearm (R2=0.32) by using approach B. In contrast to 
mass and moment of inertia, there was a poor correlation between the centre of mass 
(CM) and body mass (R2=0.0007 – 0.42); Shan and Bohn (2003) also found that there is 
a poor correlation between the CM and body mass. The linear regression of the data 
shows a positive linear relationship between the BSPs and the body mass. More 
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specifically, as the body mass increases, the body segment parameters increases. The 
P-values shows that the regressions with low R-squared values had higher probability 
than the dependent variables (BSPs) are derived by chance. Finally, all the residuals 
plot are randomly dispersed about the horizontal axis; therefore a linear regression 
model is appropriate for the data (Frost, 2012). 
4.5.2 Limitations and improvements 
There are several limitations in this study. First, the sample is only representative for 
the population used in this study and therefore it may not reflect the characteristic of 
interest in target population; a larger and broader group of subjects in terms of age, 
race and body dimensions could lead to more representing results for wider target 
population. Second, the geometrical modelling cannot be accurately validated; a good 
way of validation is the prediction of the BSPs both by the geometrical model and an 
imaging technique. Regarding the regression analysis, the predictors are linearly 
independent. Also, there is not standard threshold identify that the regression is good 
or not. Finally, the regressions used for identifying the CoM cannot be used due to the 
low value of R-squared value; another solution it would be to correlate the CoM to 
another independent variable. Shan and Bohn (2003) showed that there was low 
correlation between the body mass or height and the CoM; while they suggested that 
segmental length or mass may gives better correlation than the body mass and height. 
4.6 Conclusion 
In conclusion, it was found that both geometrical approaches give similar results with 
respect to the literature, although the accuracy and validity of the literature is not fully 
known. In addition to this, it was found that geometrical models are very sensitive to 
the parameters that can be taken into account. Multi-body segments, such as the 
hand, have different results for different configurations (open or closed). Geometrical 
modelling is a subject specific method with the purpose of measuring body segment 
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parameters and the geometrical solid shapes that represent the body segments can 
lead to noticeable differences in the results, such as those for the CoM and MI. 
Also, for both approaches it can be seen that the body mass plays an important role 
for BSPs. By increasing the body mass, BSPs increase as well. Regression analysis 
showed poor correlation between the centre of mass and the body mass. 
Finally, one important limitation was that the geometrical approaches were validated 
by comparing to the literature, but not to the actual BSP parameter. For this reason, 
another subject specific, direct measurement technique (3D surface laser scanner) 
needed to be developed. This new technique is analysed in the next chapter and it will 
be used as a “gold standard” method for studies in this thesis. 
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CHAPTER 5: 3D SURFACE LASER SCANNER 
3D SURFACE LASER SCANNER 
Geometrical modelling is a subject specific method that has drawbacks related to the 
geometric complexity and variability of body segments. Therefore, it is appropriate to 
consider a direct measurement technique for calculating BSPs. Taking into account 
that dissection is not possible on living subjects, another direct measurement 
technique is developed in this chapter. This chapter introduces the design procedure, 
software modifications and the editing process of the method and includes a 
validation of the method.  
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5.1 Designing the 3D Laser Scanner System 
Many different scanning technologies and approaches can be used for estimating BSPs 
(Section 2.6.3). The decision-making process during the design of the system in this 
study takes into account many factors.  Some of these factors include the purpose and 
the accuracy of the device, the construction and operational cost, the user friendliness 
and the portability including the easiness of disassembling and assembling the whole 
system. These are the main factors that were considered in the design of the 3D laser 
scanner of this project.  
Specifically, the specifications of the laser were: 
 Able to scan human beings 
 Easy to set up / Portability 
 User friendly 
 Having scanning time less than 15 seconds 
 Overall cost less than 1,000 pounds 
Therefore, it was required a low cost laser scanner, easy to be designed and used by 
someone with low-level skills in programming and scanning technology. At the same 
time, portability was a major requirement in case the device is needed in another 
place, such as a hospital or another research lab. Finally, one important factor is the 
scanning time, due to the fact that subject has to be still during scanning the system 
has to be able to scan a person in the fastest possibly way.  
The main challenge was the modification of the laser scanner in order to be suitable 
for scanning living human beings. DAVID software can scan and reconstruct only the 
surface where the laser is reflected on. Therefore, there are three possible solutions in 
order to capture the subject’s all-round body surface. In the first two, multiple scans 
are recorded by rotating the system (camera and the laser) around the subject or by 
turning the subject. Both of these solutions are nearly impossible to be done due to 
the fact that the subject has to stand still without changing its posture for a long time. 
The third option is the use of a mirror that is set up in a way that the laser can be 
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reflected around the subject’s body surface. Using this method the whole subject’s 
surface can be defined in one scan.  
Considering the above factors and challenges, the laser scanner system was designed. 
The system that was designed uses a green laser of 532nm wavelength, a high-
resolution webcam and the software DAVID 2.1. In addition, this system necessitates 
some main modifications on the DAVID software, the construction of a portable mirror 
structure, the design of the drive device for the laser (linear drive actuator) and its 
software and finally the design of two cameras’ calibration background/panels. 
5.1.1 DAVID Software 
The freeware software DAVID 2.1 (David Vision System, Braunschweig, Germany) was 
used for 3D data acquisition and fast surface registration (Winkelbach et al., 2006). 
Specifically, DAVID is used for calibrating the system, scanning the surface of an object 
and reconstructing its 3D image.  
DAVID software relies on the triangulation-based laser rangefinder technique. The 
technique uses a laser beam for contactless measurement of surfaces and 3D scenes, 
while the triangulation approach recovers the surface. Specifically, the laser 
illuminates a point/stripe on the object’s surface and the camera defines the location 
of this point/stripe (Winkelbach et al., 2006). The technique is called triangulation due 
to the triangle formation between the camera, the laser point/stripe and the laser 
device. Moreover, the software provides some tools that are used in the basic editing 
of the 3D image. DAVID is user friendly software where only some modifications are 
feasible. 
One main modification that was made was the interaction of DAVID with the drive 
actuator. In addition, the software was modified in a way that scanning with mirrors is 
possible. This included input data such as the distances and the angle between the two 
mirrors at the XYZ coordinate system. Specifically, the offset and rotation between the 
left and right panel and the distance between the panel and the mirrors needs to be 
implemented in the software. In this case the offset and rotation between the panels 
was equal to 498.5 mm and 108 degrees and the distance between the panels and the 
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mirrors was 5mm. The results were used by trial and error. In addition, the mirror 
planes needs to be defined according to the background plane definition. Also, the 
value of the laser motion estimation needs to be set to “enable”, this function 
analyses it in order to allow subsequent scanning without the background planes; this 
helps the camera to see anything behind the object (therefore the reflection on the 
mirrors). All the necessary modifications and settings configuration that were used for 
the purpose of this study are presented more analytical in the Appendix C.1. The laser 
scanner system is described below, in Section 5.1.2. 
5.1.2 Laser scanner system 
The laser scanner system consists of a web camera, a green laser and two main 
hardware groups: the mirror structure and the linear drive actuator. As far as the 
mirror structure is concerned, it consists of 2 mirrors 2220 x 914 x 40 mm, 4 
aluminium extrusion bars 1000 x 45 x 45 mm, 2 hinge joints, a steel bar 1000 x 30 x 3 
mm and 8 steel plates 120 x 40 x 2 mm (Figure 5.1).  
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Figure 5- 1: Mirror structure 3D view 
Regarding the linear drive actuator, it consists of an aluminium extrusion bar 2200 x 45 
x 45 mm, 4 aluminium legs 200 x 45 x 45 mm, a self-designed steel carriage (it carries 
the laser), the P542-M48 geared bipolar stepper motor (Mclennan Servo Supplies Ltd, 
Surrey, UK) the single-board microcontroller Arduino Duemilanove (Arduino, Ivrea, 
Italy) and the EasyDriver 4.2 (Schmalzhaus LLC, Minneapolis, US) stepper motor driver 
(Figure 5.2). The analytical drawings of the mirror structure and the drive actuator can 
be found in Appendix C.2. 
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Figure 5- 2: Linear drive actuator 
As far as the portability is concerned, it takes about 2-3 hours for the main structure 
and the linear drive actuator (Figure 5.3.) to be assembled and 1-2 hours to be 
disassembled. Regarding the cost, the hardware’s total cost is £752 (purchase based 
on March 2011). Table 5-1 shows the price of each part. 
 
Part Price (£) 
Mirrors 130 
Green laser (532nm wavelength) 270 
Camera (2megapixel) 100 
Aluminium bars/ profile system 120 
Extras (calibration panels, tape, nuts, bolts etc) 50 
Arduino Duemilanove 24 
EasyDriver stepper motor driver 12 
Geared bipolar stepper motor 46 
Total 752 
Table 5- 1: Linear drive actuator 
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Figure 5- 3: Laser scanner system 
5.1.3 Drive actuator software 
For the purpose of this project a LabView (National Instruments Coorporation, Austin, 
USA) user interface were designed; the main reason of this software is for calibrating 
the laser drive actuator. Specifically, the laser scanner is driven by a bipolar stepper 
motor and controlled using an Arduino board with an EasyDriver motor shield. The 
Arduino board responds to the commands that are sent via the PC's serial port. These 
commands are either issued by the DAVID software or by the custom designed 
LabView 2010 interface (National Instruments Coorporation, Austin, USA). The 
LabView user interface (Figure 5-4) allows the user to set the start and the end point 
of the laser's movement as well as its speed (motor step frequency). The LabView 
block diagram can be found in the Appendix C.3. 
 
Linear drive 
actuator 
Mirrors 
Camera 
Laser 
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Figure 5- 4: Drive actuator software 
5.1.4 Calibration panels 
DAVID 2.1 uses two calibration panels for calibrating the camera. In this way, the 
software gets to know the exact location, view direction, focal length of the camera, so 
it can use its images for precise measurement. The size of the panels depends on the 
size of the object/subject that will be scanned. Two different calibration panels were 
design for the purpose of this project; a small size (200 x 300 mm) calibration panel for 
scanning the hand and a large size (640 x 960 mm) calibration panel for scanning the 
forearm and upper arm. This section goes through the design of the calibration 
background. DAVID uses two doors as calibration panels as seen in Figure 5-5. The 
angle between the two doors must be the same as the one that is used between the 
two mirrors.  
More specifically, the panels consist of 70 markers; a template with prefixed markers 
designed for the purpose of this study and can be found in the Appendix C.4, from 
where it can be scaled and printed out. Figure 5-6 illustrates the set up of the markers 
on the panels. X is the distance between two markers (from centre to centre) in every 
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direction (horizontal and vertical). The diameter of each marker cannot be the same as 
the distance X. The scale parameter is equal to four times the distance X. The distance 
of the inner rows from the cutting (or folding) edge is half the distance X. Note that 
hollow markers have to be set up as shown in Figure 5-5 and 5-6.  
 
Figure 5- 5: Setting up the camera’s calibration panels 
 
Figure 5- 6: Camera’s calibration background 
X 
Scale
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Left Panel Right Panel 
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Right Panel 
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Glass sucker 
Glass sucker 
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Overall, this section introduced a low cost and easy to design and construct laser 
scanner system able to be used on living humans. The system uses the DAVID 2.1 
software, a web camera, a green laser with a linear drive actuator and a mirror 
structure that are used to scan any subject’s body surface. This Chapter introduces 
some of the basic modifications that have to be made for the purpose of this project; 
these include the software modifications (Appendix A - Chapter 5), the hardware 
construction (the mirror and drive actuator) as well as the design of the calibration 
panels. Next section presents the procedure of using this scanner from the calibration 
phase until the definition of the volume of a scanned object.   
5.2 Methods – Scanning a Human Size Mannequin 
A mannequin was used in this project in order to test the whole process of scanning, 
reconstructing and editing a 3D model and estimating the body segment volume. The 
mass is propositional to the volume for a uniform density; therefore the volume has an 
indirect correlation to BSPs. Unfortunately, the mannequin has not a uniform density, 
that’s why only the volume can be used in this study. If the mannequin’s actual volume 
is similar with the one defined by using the scanner, then the accuracy of this 
procedure can be validated and the procedure can be used in living humans. The 
mannequin was scanned five times with focus on the right upper limb (without the 
hand). An initial editing of the 3D images of the mannequin’s upper limb was made by 
using DAVID software, while computer-aided design (CAD) software packages, namely 
SolidWorks 2011 (SolidWorks Corp., Concord, MA, USA) and Geomagic Studio 12 
(Raindrop Geomagic Inc., Research Triangle Park, NC), were used for the main editing. 
Finally, the actual volume of the mannequin’s upper limb was quantified using a water 
displacement technique.  
5.2.1 Initial set up 
Before the first scan takes place, an initial set up has to be made. First, the mirror 
structure has to be exactly vertical; also, the angle between the two mirrors has to be 
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measured as this is an input for the software. The laser needs to be positioned in a 
way that the mirrors reflect a single line and not a twisted one on the mannequin’s 
back (Figure 5-7). This could happen when the laser is not reflected back at the same 
angle from both mirrors. In order to fix this issue, the laser needs to be twisted and 
bended until there is only one line as shown in Figure 5-7. Next, the software 
modification needs to be made according to Section 5.1.1 and Appendix C.1. In 
addition, camera calibration is required by using the calibration panels and the DAVID 
software. Finally, the laser drive device has to be calibrated and the start and end 
point have to be set by using the software for the laser drive device (drive actuator; 
Section 5.1.3). 
 
Figure 5- 7: Left: Twisted laser line/Double line, Right: Single line 
5.2.2 Scanning 
The mannequin was scanned in a number of different positions and postures in order 
to find the one that gives the most of the upper limb surface. The best position was 
found to be the one where the mannequin faces the camera with the upper arm at full 
elevation (Figure 5.8). The large size calibration pattern was used and the camera 
resolution was set at 800x600 pixels at 20 fps. The camera resolution helps to achieve 
more 3D points and therefore more detail. For the purpose of this project high detail is 
not a requirement in order to calculate the BSPs. And therefore the resolution which 
102 
was chosen was high enough for giving the best result at the scanning-time which was 
needed. 
Each scan takes about 8-10 seconds, depending on the start and end point. It is worth 
mentioning that the scan procedure has to take place in a dark room and the camera 
has to be set up in a way that only the laser line is visible. Finally, the guide of the 
linear-motion laser has to perform a smooth motion without jerking and vibrating; 
smoother motion leads to better results. 
 
Figure 5- 8: Mannequin’s scanning position 
5.2.3 Editing scans 
After the scan procedure, DAVID software immediately computes the 3D model/mesh 
of the mannequin including anything that was seen in the background (Figure 5.9a). 
Also, DAVID gives the option of adjusting and smoothing the result mesh by using an 
into-the-software interpolation algorithm (Figure 5.9b). In addition, DAVID provides 
some tools for cleaning the noise, while it can automatically rotate and merge the 
mirror scans (Figure 5.9c and 5.9d). The final mesh result can be saved as a .STL file 
that can be imported into most 3D image editing or CAD software.  
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Figure 5- 9: a) Original 3D mesh, b) 3D mesh after Interpolation, c) 3D mesh without noise, d) 
merged 3D meshes 
Figure 5.10 shows the final results of the 3D scan model that is compared with the real 
mannequin. 
a 
b 
c d 
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Figure 5- 10: 3D scan model (Left) and real mannequin (Right) 
Afterwards the 3D model was trimmed and only the upper limb was left. Geomagic 
Studio 12 was used for filling the mesh holes and turning the 3D data into an accurate 
polygon and a native CAD model (Figure 5-11). 
             
Figure 5- 11: Mesh filling by using Geomagic Studio 12 
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5.2.4 Estimating volume via 3D polygon models 
The initial 3D polygon model was reduced by using the Geomagic Studio 12. The 
reason for this is that the higher the number of polygons is, the slower and more 
difficult the model processing becomes. In this project, the model was reduced from 
18000 to 12000, 3600 and 2500 polygons (Figure 5-12). The software SolidWorks 2011 
was used to create a solid model and thereafter to measure the volume of the arm. 
The total volume of each model, which is represented by a different number of 
polygons, was defined. These volumes were compared with each other in order to 
define the effect of the reduction of the number of polygons. The whole scanning 
process was repeated 5 times and the results were compared with the actual arm 
volume; this is defined in Section 5.2.5. 
 
 
Figure 5- 12: Reduction of the number of polygons from left to right 
5.2.5 Measuring actual volume 
The actual volume of the mannequin’s arm was defined by using a water displacement 
technique and the buoyancy theory. According to the buoyancy theory, the buoyant 
force is equal to the weight of the displaced fluid. Considering the definition of weight, 
the buoyant force is equal to the mass of the displaced fluid multiplied by the 
gravitational acceleration. The mass can be replaced by the volume of the displaced 
fluid multiplied by its density (Equation 5-1). 
          Eq. 5-1 
2500 12000 3600 18000 
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Where B is the buoyant force in N, ρ is the displaced fluid’s density in kg/m3, V is the 
displaced fluid volume in m3 and g is the gravitational acceleration, which is 9.81 m/s2. 
During the experimental procedure, the mass of the arm was measured using weighing 
scales and thereafter the arm was placed into a box full of water.  Due to the fact that 
the arm was floating, a force was applied to keep the full arm under the water. In this 
way, the actual volume of the arm was calculated. The experimental procedure was 
repeated five times. According to the force diagram in Figure 5-15, the buoyant force 
is equal to the applied force (Wapplied) and the arm’s weight (Warm). Therefore, the 
actual arm’s volume (Equation 5-2) is equal to the displaced fluid’s volume, which is 
equal to the sum of the arm’s mass (marm) and the mass of the object (mobject) that was 
added to keep the arm under the water, divided by water density (ρ), which is 1000 
kg/m3 at room temperature.  
                 
     
      
                         
                  
  
            
 
         Eq.5-2      
 
Figure 5- 13: Water displacement force diagram 
Overall, this section demonstrates the whole procedure that was followed for scanning 
a mannequin’s arm. In addition, it introduces the software that was used for editing 
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the 3D image. Finally, a water displacement technique was used in order to measure 
the actual arm’s volume. Both the scanning procedure and the water displacement 
technique were repeated 5 times. The results of these are shown and compared in 
Section 5.3. 
5.3 Results 
This section presents the volume of the arm that was found using the laser scanner 
technique and the 3D polygon models (Section 5.2.4), as well as the experimental 
method (Section 5.2.5). In addition, it presents the change in arm volume that is 
caused by the reduction of the number of polygons, by which the model is 
represented. 
Table 5-2 shows the change in arm volume for different numbers of polygons. The 
original number of polygons after DAVID’s reconstruction is approximately 18,000. The 
number of polygons was reduced about 33%, 80% and 84%. 
 
No of Polygons Volume (m3) Difference (%) 
2500 0.002148 -0.4% 
3671 0.002152 -0.2% 
12000 0.002157 0% 
18000 0.002157  
Table 5- 2: Polygons’ number and changes in arm’s volume 
The results that were found using the experimental procedure are tabulated in Table 
5-3. 
108 
 
Weight Applied (kg) Weight Arm (kg) 
“Buoyant 
Force” (kg) 
Volume (m3) 
    
1.438 0.593 2.031 0.002031 
1.456 0.593 2.049 0.002049 
1.435 0.593 2.028 0.002028 
1.463 0.593 2.056 0.002056 
1.462 0.593 2.055 0.002055 
Average 0.0020438 
SD 0.0000134 
Table 5- 3: Experimental results for actual arm volume 
Finally, Table 5-4 shows the volumes that were found through the five trials using both 
the laser scanner technique and the experimental method. Moreover, the average 
value and the standard deviation (SD) of the results are calculated. Finally, in the same 
table the difference between the two methods is presented (Table 5-4).  
 
 
 
 
 
 
 
Actual Volume (m3) Volume from the 3D models (m3) 
0.002031 0.002148 
0.002049 0.002168 
0.002028 0.002103 
0.002056 0.002030 
0.002055 0.002091 
Average 0.0020438 0.0021080 
SD 0.0000134 0.0000538 
Difference 3.1% 
Table 5- 4: Actual volume Vs Volume from the 3D models (2500 polygons) 
5.4 Discussion 
This is a discussion on the relationship between the arm volumes that result from the 
3D model and the number of polygons, by which the model is represented. In addition, 
there is a discussion on the differences between the actual and the scanned 
mannequin’s arm through the comparison of their volumes.  
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The reduction of the number of polygons by which the model is represented slightly 
affects the volume. It was noticed that between 18000 and 12000 polygons the 
calculated arm’s volume remains the same. A small reduction (0.2%) of the calculated 
arm’s volume was noticed after an 80% reduction of the number of polygons (3671 
polygons from 18000). For an 88% reduction (2500 polygons from 18000), the arm’s 
volume was reduced about 0.4%. Therefore, the required reduction of the number of 
polygons doesn’t play an important role in the final results (Table 5-2).  
Regarding the experimental procedure of measuring the arm’s volume, it is worth 
mentioning that only the applied weight was varied; this is due to the different point 
that force was applied each time. The maximum difference between the values of the 
applied mass that result from the 5 trials was 0.025 kg. The maximum difference 
between the values of the arm’s volume was 0.000028m3. The average volume was 
0.0020438 ±0.0000134 m3 standard deviation (Table 5-3).  
The values of the arm’s volume that result from the five trials using the laser scanning 
technique were compared with the actual values that result from the experimental 
method. The maximum difference between the values of the arm’s volume (from the 
3D models) was 0.000138m3, while the average volume was 0.0021080 ±0.0000538m3 
(Table 5-4). Finally, the average difference between the actual and the measured 
volume was 3.1%. 
On the one hand, the difference between the 3D models results from the mesh 
reconstruction and the edit of mesh, such as the filling of mesh holes. Moreover, the 
way in which each segment was trimmed cannot be exactly the same. On the other 
hand, the difference between the scanned and original arm could result from a 
difference in the point of trimming. This means that the point in which the model was 
trimmed may not be the same with the point in which the arm is attached to the 
mannequin’s body. This limitation could be overcome if the arm was scanned 
separately from the body. However, this study was conducted in order to define the 
best possible way for scanning an arm of a living human being. This explains the 
reason why the arm was scanned attached to the body. 
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Overall, this study shows that the number of polygons that represents a 3D model 
similar to a human’s arm size can be reduced to 2500 polygons without influencing its 
properties, such as the volume. In addition, it was found that the average difference 
between the volume of the scanned and the original mannequin’s arm is 3.1%. Due to 
the fact that the mannequin’s arm doesn’t have a uniform density, its properties, such 
as the mass, the centre of mass and the moment of inertia, cannot be measured and 
therefore the system and the method cannot be validated used for defining BSPs. 
Another study was conducted for validating the system using a standard -sized 
homogeneous object and this is analysed next (Section 5.5).  
5.5 System Validation 
In this study, a standard -sized semi-crystalline cast nylon object 105x73x111 mm was 
scanned in a way that allows the validation of the scanning method used for defining 
BSPs (Figure 5-16). The size of the object is similar to average hand size. The 3D solid 
model of the scanned object was created using the procedure mentioned in Section 
5.2 and its properties were defined using SolidWorks 2011. In order to defining the 
solid’s properties (the mass, the moment of inertia and the centre of mass) the actual 
density has to be set up; its uniform density is 1.15 g/cm3. After the density has been 
set up, SolidWorks 2011 was used for the automatic calculation of the properties. 
Specifically, the model was imported as STL solid body format; then, the “mass 
properties” tab was used for setting up the density and calculating the mass properties 
of the solid (the “mass properties” tab is located in the Solidwork toolbar menu). The 
experimental procedure was repeated 5 times. The results were compared with the 
object’s actual properties.  
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Figure 5- 14: Water displacement force diagram 
The actual values and the predicted values (average values) of the object’s properties 
are tabulated in Table 5.5. 
 
Properties Actual 
Predicted (Average 
±SD) 
Average Error 
(%) 
Mass (kg) 0.99665 1.00480 ±0.02863 0.8 
Moment of inertia z (kg*m2) 0.00138 0.00142 ±0.00003 2.2 
Moment of inertia x (kg*m2) 0.00148 0.00152 ±0.00002 2.2 
Moment of inertia y (kg*m2) 0.00197 0.00198 ±0.00002 0.2 
Table 5- 5: Actual values and predicted values of the object’s properties 
This section positioned a study for the validation of the laser method that is used for 
the calculation of BSPs. The maximum average error was 0.8% and 2.2% for the mass 
and moment of inertia respectively. Finally, it is worth mentioning that scanning 
cadaveric limb could lead to a more accurate validation. 
5.6 Conclusion 
This chapter introduces a novel method for defining BSPs of living subjects using a 
laser scanner technique. The first study defines and validates the protocol of using this 
z 
y 
x 
z 
y 
x 
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technique on living subjects. The second study is conducted for validating the system 
itself.  
The laser scanner system can be easily designed using this section as guidance. The 
laser consists of the laser scanner system, the DAVID software, the drive actuator 
software and the calibration panels. The laser scanner system is the hardware of the 
laser and it is used for scanning an object’s 3D surface. The DAVID software is a 
freeware software, which is used for 3D data acquisition and fast surface registration. 
The drive actuator software communicates with the DAVID software and allows the 
user to interact with the laser drive actuator. Finally, the calibration panels are used to 
calibrate the camera and the DAVID software. 
The scanning procedure was validated by defining the volume of a mannequin’s arm. 
The average error between the actual volume and the one that was found using the 
laser was found 3.1%. The system itself was validated by scanning a standard -sized 
homogeneous object. The results showed that the difference between the actual and 
the defined properties was 0.8%, 2.2% and 0.2% for the mass, the moment of inertia 
about the x or z axis and the moment of inertia about the y axis, respectively.  
Considering the system and protocol validation, the procedure that was introduced in 
this chapter can be followed for scanning living humans. In Chapter 6, the same 
protocol is used for scanning living humans; the results are compared with the other 
two BSPs’ estimation methods (regression equations and geometrical modelling) with 
the purpose of concluding which one is the most suitable to be used in 
musculoskeletal models. 
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CHAPTER 6: BSP METHODS EVALUATION 
BSP METHODS EVALUATION 
Body Segment Parameters (BSPs) can be defined by using the 3 different approaches 
described in Chapters 3, 4 and 5. In this chapter, subjects are scanned and their BSPs 
are defined by using the same protocol used in Chapter 5. The results are compared 
with the results of the other two BSPs estimation approaches (regression equations 
and geometrical modelling) with the purpose of concluding which one is the most 
suitable to be used in musculoskeletal models. This chapter also presents the 
evaluation of the different regression equation data sets (Chapter 3) and the two 
geometrical modelling approaches (Chapter) 4, considering the 3D laser scanner 
approach (Chapter 5) as the “gold standard method”. 
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6.1 Introduction 
This chapter is an overview of the methods that can be used for estimating BSPs. 
Further development of these methods and/or improvements of any musculoskeletal 
model that uses subject-specific BSPs as input data, can be based on this current 
guide. Various topics are discussed here. First, the methods that were mentioned in 
the previous chapters are summarised. Following this, a study to evaluate the methods 
used to obtain BSPs is conducted. Finally, a complementary study is conducted in 
order to identify the effects of BSP values on musculoskeletal models. 
6.1.1 Summary of BSP Methods 
Regression equations, geometrical modelling and 3D laser surface scanning are the 
three different methods that are used in this project in order to define subject-specific 
anthropometrical data.  
Regression Equations 
The first method of regression equations uses specific and known variables such as the 
body mass and height (Yeadon and Morlock, 1989) and it takes into account the 
difference in age, gender and race. In this study, four different regression data sets 
were used: De Leva’s (1996), Shan and Bohn (2003), Muri et al. (2008), and a 
combination method based on the last two regression data sets. The fourth methods 
was introduced in Section 3.2 and named “Adjusted SBR Equations”. The De Leva’s 
(1996) regressions are used in UK National Shoulder Model (Section 2.5.1). The 
equations use a percentage of the total body mass in order to estimate each 
segmental mass (hand, forearm and upper arm) and the total segmental length in 
order to estimate the centre of mass, the moment of inertia and the length of the 
hand. The forearm length is defined as the distance between the wrist and the elbow 
joint, while the upper arm length is defined as the distance between the elbow joint 
and the acromion. The hand length is calculated as 10.79% of the subject height in 
accordance with De Leva (1996). Shan and Bohn (2003) regression equations use the 
total body mass and the height as input variables, while the race and gender are taken 
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into account. On the other hand, Muri et al. (2008) use the age as the only input 
variable. Finally, the Adjusted SBR Equations use both the total mass and height taking 
into account the race, gender and age. 
Geometrical Modelling 
The second method includes two different geometrical modelling approaches where 
the upper limb is represented by different geometrical shapes (Section 4.2). In the first 
simplified approach (Approach A), the hand is represented by an ellipsoid of revolution 
and the forearm and upper arm are represented by two circular cylinders; both shapes 
need two parameters in order to be fully defined. In the second approach (Approach 
B), the hand is represented by an elliptical cylinder, while the forearm and the upper 
arm are represented by two truncated circular cones; the solid shapes need three 
parameters in order to be defined. 
Surface Scanning 
Finally, the 3D laser surface scanning method was developed specifically for the 
purpose of this project. This method is used to scan subjects and define their 
anthropometric properties (Section 5.2). The scanning method was used as the gold 
standard method for evaluating the other six methods (4 regression equation 
approaches and 2 geometrical modelling approaches). 
The aim of this chapter is the comparison of all the above mentioned methods and the 
establishment of their effects on the musculoskeletal models.  
6.2 Methods 
The study was planned so that the BSPs of the right upper limb of ten subjects were 
quantified using all the aforementioned methods to obtain the parameters.  
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6.2.1 Subjects 
Ten right-handed subjects (Caucasian, 5 males / 5 females, mean age 26, mean height 
175 cm, mean body mass 66 kg) were used in this study (Table 6-1). Only the right 
upper limb was taken into account.  Informed consent was obtained from the subjects.  
  
Subject S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
Gender* M M M M M F F F F F 
Age 26 29 24 23 23 33 28 22 24 32 
Height (cm) 182 175 186 185 180 165 163 169 168 179 
B. Mass (kg) 75 78 72 75 68 56 55 62 55 66 
*M: Male, F: Female 
Table 6- 1: Subject details 
6.2.3 Measurements 
Regression equations and geometrical modelling 
Body mass was measured using digital scales (Digital Fitness Scale, Taylor Precision 
Products Inc). A wall mounted height meter (Hab Essential, Hab Direct Ltd) was used 
for measuring the height against the wall and a body tape (Myotape, Accu Measure 
LLC) was used for measuring the upper limb dimensions, such as the circumferences 
and lengths of the hand, the forearm and the upper arm (Table 6-1 and Table 6-2).  
In Table 6-2, Si represents each subject and P corresponds to the anthropometric 
parameters that were used both in geometrical modelling approach and  De Leva’s 
(1996) equations. These parameters are explained in Figure 4-9 of Section 4.2 (Figure 
is reproduced in this section for clarity of presentation). 
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 S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
P1  0.115 0.107 0.115 0.115 0.105 0.105 0.1 0.11 0.095 0.12 
P2  0.265 0.245 0.272 0.272 0.285 0.255 0.25 0.27 0.272 0.275 
P3  0.34 0.335 0.355 0.325 0.305 0.325 0.31 0.315 0.307 0.355 
P4  0.27 0.26 0.28 0.265 0.265 0.24 0.255 0.235 0.24 0.25 
P5  0.165 0.157 0.175 0.165 0.17 0.155 0.145 0.15 0.142 0.155 
P6  0.23 0.235 0.23 0.232 0.215 0.215 0.205 0.2 0.195 0.19 
P7  0.285 0.282 0.275 0.267 0.265 0.23 0.245 0.247 0.247 0.24 
P8  0.46 0.435 0.365 0.36 0.345 0.35 0.345 0.36 0.335 0.385 
P9  0.25 0.24 0.255 0.255 0.24 0.22 0.225 0.215 0.205 0.225 
P10  0.11 0.105 0.105 0.115 0.105 0.95 0.095 0.09 0.085 0.095 
P11  0.205 0.185 0.2 0.205 0.19 0.18 0.175 0.18 0.19 0.203 
P12  0.315 0.325 0.27 0.28 0.28 0.23 0.25 0.265 0.243 0.255 
Table 6- 2: Upper limb dimensions/parameters (m) 
In addition, the segmental density of the hand, the forearm and the upper arm of each 
subject was calculated by using the Equations 4-14 – 4-17 in Section 4.2. Table 6-3 
summarises the segmental density for each subject.  
 
Subject S1 S2 S3 S4 S5 S6  S7  S8 S9 S10 
H*(g/mm2)*10-4 11.8 11.4 11.9 12.0 11.9 11.8 11.7 11.7 11.9 12.0 
F*(g/mm2) *10-4 11.5 11.2 11.6 11.7 11.6 11.5 11.5 11.5 11.7 11.7 
UA*(g/mm2) *10-4 11.1 10.9 11.1 11.2 11.2 11.1 11.1 11.0 11.2 11.2 
*H: Hand, F: Forearm, UA: Upper arm 
Table 6- 3: Segmental density 
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3D laser surface scanning 
Two scan measurements were taken. The first one was taken using the small 
calibration panel for scanning the hand, while the second measurement was taken 
using the large calibration panel for scanning the forearm and the upper arm 
(described in Section 5.1.4). Each subject was scanned three times focusing on the 
hand and three times focusing on the forearm and upper arm together.  
6.2.4 Procedure 
The four different regression data sets, the two geometrical modelling approaches and 
the 3D laser surface scanning method were used in order to calculate the subjects’ 
BSPs. 
Regression equations and geometrical modelling 
A software was developed in Matlab R-2012b (The Mathworks, Inc. Cambridge, UK), to 
allow the desired anthropometrical data of individuals to be computed within seconds 
by using either any regression data set or any geometrical modelling approach. The 
input parameters for each subject were taken from Table 6-1 and Table 6-2 and were 
used as input into the Matlab R-2012b software. All the information regarding the 
regression equations are found in Section 2.6.1 and Section 3.2. Full Matlab code is 
shown in Appendix D.1. 
3D Laser Surface Scanning  
Two different scan procedures were followed (Section 6.2.2). For safety reasons, all 
subjects wore laser safety glasses during the experimental procedure. Subjects needed 
to stay still for 8-10 secs for each scan. In order to facilitate this procedure, during the 
scan the subject held a rope hanging from the ceiling (Figure 6.1).  The hairy upper 
limb and/or dark skin of some subjects made the laser line not always visible on the 
camera. Due to this fact, the upper limb of some subjects was wrapped with a white 
fabric bandage. In addition, a thin black elasticated band was placed around the wrist, 
the elbow (passing over the lateral and medial epicondyles) and the axillary arm 
(passing over the acromion and axilla) to define the segmentation point between the 
hand, the forearm and the upper arm. The camera cannot see the laser line on the 
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black coloured elasticated band leaving this point as a hole after the model 
reconstruction; this hole can be used as a segmentation landmark. Therefore, these 
landmarks make the point where the segmentation has to be made easily traceable 
(Figure 6-1).  
 
Figure 6- 1: 3D model (right) and real (left) upper limb 
The scanning procedure uses the same protocol as the one that was described in 
Section 5.2. The only difference is the posture that the subject has to take in order for 
his full upper limb (forearm and upper arm) to be seen by the camera and the laser. 
The posture is shown in Figure 6-2 as seen from the camera’s point of view. The 
subject needs to sit down on his knee with his back reflected on the right mirror. The 
right arm needs to be superior and the left arm inferior to the right shoulder. The head 
needs to look down in a way that it does not occlude any part of the reflection on the 
mirror. Finally, his elbow must be flexed a few degrees for comfort. This is the posture 
used to scan the right upper limb.  
Elasticated  
band 
Rope 
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Figure 6- 2: Subject position from the camera’s point of view 
After the scan procedure, DAVID software was used for computing the 3D 
model/mesh of the subject’s upper limb, for cleaning the background noise and finally 
for trimming the upper limb segments (hand, forearm, upper arm). Afterwards, the 
model was saved as an .stl file and imported into Geomagic Studio 12 for the editing 
procedure (Section 5.2.3).  
With Geomagic Studio 12, the axes of each segment were defined. For the upper arm, 
the Z-axis passes through the centre of the posterior end of the upper arm and the 
mid-point of the epicondyles. The Y-axis is perpendicular and anteriorly directed to the 
X-axis normal to these (Figure 6-4a). For the forearm, the Z-axis passes through a 
proximal point similar to the mid-point of the epicondyles and the centre of the cut 
surface of the wrist. The Y-axis is perpendicular and laterally directed to the X-axis 
normal to these (Figure 6-4c). Finally, for the hand (closed or open), the Z-axis passes 
through the centre of the posterior end of the cut surface of the wrist and the centre 
of mass. The Y-axis is perpendicular and anteriorly directed to the X-axis normal to 
these (Figure 6-4d).  
Right Mirror Left Mirror 
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After editing the model, SolidWorks 2011 was used to create a solid model and 
thereafter to calculate the BSPs (Section 5.5). Figure 6-3 depicts the whole process 
from the scanning procedure of the subject’s upper limb to the creation of a 3D multi-
polygon solid upper limb. 
 
Figure 6- 3: a) real human upper limb as seen in the mirrors b) scanned limb as seen in the 
DAVID software c) DAVID software creates the 3D model mesh d) editing the mesh in 
Geomagic Studio 12 e) reduction of the number of polygons f) input of the 3D mesh into the 
Solidworks software 
Figure 6-4 shows the 3D scanned model of the hand (closed and open), forearm and 
upper arm in comparison with the real one. 
(a) (b) (c) 
(d) (e) (f) 
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Figure 6- 4 (a): 3D model (left) and real hand (right) when it is closed 
 
Figure 6-4(b): 3D model (left) and real hand (right) when it is open 
 
Figure 6-4(c): 3D model (left) and real forearm (right) 
 
Z 
Y 
X 
Z 
Y 
X 
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X 
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Figure 6-4(d): 3D model (left) and real upper arm (right) 
6.3 Data Analysis 
SPSS Version 21 (IBM Corporation, New York, USA) was used for the statistical 
analysisA one-way repeated measures ANOVA test was used to determine the 
significant differences between the BSP methods using the laser surface scanning 
method as the reference value. The significance was set at p<0.05 for all statistical 
tests used in this study. The type of BSP method was defined as the within-subject 
factor. The notations associated with different levels of significance are shown in Table 
6-4. The Shapiro-Wilk test verified that the quantitative variables did not significantly 
depart from a normal distribution. Mauchly's test for sphericity was used. When a 
significant violation of sphericity was found, then the Greenhouse-Geisser correction 
was used, since it provides a conservative prediction of significance. The Holm-
Bonferoni method was used to perform pairwise-comparisons and identify the most 
preferable for this study method. In addition, an average percentage error between 
the parameters (mass, centre of mass, moment of inertia) of each segment (hand, 
forearm and upper arm) that result from each different method and the reference 
values of these parameters that result from the laser surface scanning method was 
estimated. The magnitude (%) indicates the accuracy of the method; the lower this 
value is, the closer to the reference value the parameter value is and therefore the 
Z 
Y 
X 
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higher the accuracy of the method is. Finally, the methods for the calculation of BSPs 
of each segment were categorised and evaluated according to their accuracy. 
  
p value Symbol 
p > 0.050 - 
p < 0.050 * 
p < 0.010 ** 
p < 0.001 *** 
Table 6- 4: Significance notation 
6.4 Results – Evaluation of the methods 
6.4.1 Evaluating the parameters of the hand (open and closed) 
The average intra- and inter-subject values of the parameters that result from the 
laser scanner method including the standard deviation (SD) are presented in Figure D-
2 and Figure D-3 in the Appendix D.2 for the open and closed hand, respectively. The 
inter-subject mean value of the parameters and the SD (that result from each different 
method were calculated and are shown in Table 6-5 and Table 6-6 for the open hand 
and closed hand, respectively.  
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BSP Method Mean SD 
M (kg) 
Scanner .433 .063 
Geometrical B .435 .077 
Shan & Bohn .393 .107 
DeLeva .404 .054 
CoM (m) 
Scanner .062 .003 
Geometrical B .095 .006 
Shan & Bohn .071 .004 
DeLeva .069 .004 
MIy (kg·m2) X 103
 
Scanner . 935 . 272 
Geometrical B 1.631 . 474 
Shan & Bohn . 586 . 210 
DeLeva 1.241 . 278 
MIx (kg·m2) X 103 
Scanner . 795 . 191 
Geometrical B 1. 365 . 381 
Shan & Bohn . 485 .179 
DeLeva . 826 .185 
MIz (kg·m2) X 103 
Scanner . 313 .041 
Geometrical B . 290 . 094 
Shan & Bohn . 201 . 082 
DeLeva . 506 . 113 
Table 6- 5: Inter-subject mean of BSPs & SD for the open hand (n=10) 
BSP Method Mean SD 
M (kg) 
Scanner .436 .057 
Geometrical A .457 .083 
Shan & Bohn .393 .107 
DeLeva .404 .054 
CoM (m) 
Scanner .052 .004 
Geometrical A .054 .004 
Shan & Bohn .071 .004 
DeLeva .069 .004 
MIy (kg·m2) X 103 
Scanner . 460 . 092 
Geometrical A . 436 . 129 
Shan & Bohn . 586 . 210 
DeLeva 1.241 . 277 
MIx (kg·m2) X 103 
Scanner . 392 . 084 
Geometrical A . 436 . 129 
Shan & Bohn . 485 . 179 
DeLeva . 826 . 185 
MIz (kg·m2) X 103 
Scanner . 337 . 086 
Geometrical A . 323 . 110 
Shan & Bohn . 201 . 082 
DeLeva . 506 . 113 
Table 6- 6:  Inter-subject mean of BSPs & SD for the closed hand (n=10) 
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The significant difference and the mean difference between the different methods for 
each BSP and the laser scanner method are shown in Table 6.7 and Table 6.8 for the 
open and closed hand respectively. Both for the open and closed hand, the values of 
the mass that result from all the methods are not significantly different from the mass 
value that results from the laser surface scanning method (p>0.05). The geometrical 
modelling method is the only not significantly different method considering all the 
BSPs for closed hand.  
 
BSP Parameter BSP Method Mean Difference Sig. 
M (kg) 
Geometrical B -.001 - 
Shan & Bohn .040 - 
DeLeva .030 - 
CoM (m) 
Geometrical B -.033 *** 
Shan &Bohn -.008 *** 
DeLeva -.006 *** 
MIy (kg·m2) X 103 
Geometrical B -0.163 - 
Shan &Bohn -0.058 - 
DeLeva -0.124 - 
Mix (kg·m2) X 103 
Geometrical B -0.056 *** 
Shan &Bohn 0.031 *** 
DeLeva -0.003 - 
MIz (kg·m2) X 103 
Geometrical B 0.002 - 
Shan &Bohn 0.011 * 
DeLeva -0.019 ** 
Table 6- 7: Pairwise Comparison of the Scanning method with all other methods – Open Hand 
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BSP Parameter BSP Method Mean Difference  Sig. 
M (kg) 
Geometrical A -.021 - 
Shan & Bohn .043 - 
DeLeva .032 - 
CoM (m) 
Geometrical A -.002 - 
Shan &Bohn -.019 *** 
DeLeva -.017 *** 
MIy (kg·m2) X 103 
Geometrical A 0.002 - 
Shan &Bohn -0.013 - 
DeLeva -0.078 *** 
Mix (kg·m2) X 103 
Geometrical A -0.004 - 
Shan &Bohn -0.009 - 
DeLeva -0.043 *** 
MIz (kg·m2) X 103 
Geometrical A 0.001 - 
Shan &Bohn 0.014 *** 
DeLeva -0.017 *** 
Table 6- 8: Pairwise Comparison of the Scanning method with all other methods – Closed Hand 
The absolute and real percentage differences, between the reference method (3D 
laser scanner) and the other BSP methods are summarised in Figure 6-5 and Figure 6-6 
for the open and closed hand respectively. The absolute difference shows whether the 
method presents the largest or the smallest difference from the reference method 
irrespective of the positive or negative sign, while the real difference shows whether 
the method overestimates or underestimates a parameter. 
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Figure 6- 5 (a): Pairwise Comparison of the Scanning method with all other methods (absolute 
values in %) – Open Hand (n=10) 
 
Figure 6-5(b): Pairwise Comparison of the Scanning method with all other methods (real values 
in %) – Open Hand (n=10) 
 
Mass CM  MIy MIx MIz 
Geom. (B) 4.9 52.5 76.5 71.5 26.4 
Shan&bohn 14.4 13.4 43.3 40.4 35.3 
De Leva 10.4 10.3 41.1 8.8 62.1 
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Mass CM  MIy MIx MIz 
Geom. (B) 0.0 -52.5 -76.2 -71.5 6.8 
Shan&bohn 10.4 -13.4 38.1 40.4 35.3 
De Leva 6.2 -10.3 -36.0 -4.8 -62.1 
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Figure 6- 6 (a): Pairwise Comparison of the Scanning method with all other methods (absolute 
values in %) – Closed Hand (n=10) 
 
Figure 6-6(b): Pairwise Comparison of the Scanning method with all other methods (real values 
in %) – Closed Hand (n=10) 
The absolute and the real percentage difference between the BSPs that result from 
the 3D laser scanner method for the closed hand and the BSPs for the open hand are 
depicted in Figure 6-7. The large difference shows the importance of defining the state 
Mass CM  MIy MIx MIz 
Geom. (A) 6.9 6.1 13.1 16.5 12.5 
Shan&bohn 15.2 37.0 27.5 26.1 42.1 
De Leva 10.9 33.2 169.5 111.5 51.9 
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Geom. (A) -4.3 -4.1 5.9 -10.6 5.0 
Shan&bohn 10.9 -37.0 -24.5 -20.8 42.1 
De Leva 7.0 -33.2 -169.5 -111.5 -51.9 
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of the hand, whether it is open or closed. The MIy and MIx of the open hand present 
the largest difference from the respective MIy and MIx values of the closed hand with 
an absolute difference of about 50% for both of them; this is expected. The CoM 
between the two different states presents an absolute difference of 17.1%. 
Figure 6- 7 (a): Pairwise Comparison of the Scanning method with all other methods (absolute 
values in %) – Open vs closed hand (n=10) 
 
Figure 6-7(b): Pairwise Comparison of the Scanning method with all other methods (real values 
in %) – Open vs closed hand (n=10) 
Mass CM  MIy MIx MIz 
Open_Vs_Closed 1.7 17.1 49.3 50.3 21.6 
0 
10 
20 
30 
40 
50 
60 
%
 d
if
fe
re
n
ce
 
Mass CM  MIy MIx MIz 
Open_Vs_Closed -0.9 17.1 49.3 50.3 -8.0 
-30 
-20 
-10 
0 
10 
20 
30 
40 
50 
60 
%
 d
if
fe
re
n
ce
 
131 
6.4.2 Evaluating the parameters of the forearm  
The average intra- and inter-subject values of the parameters of the forearm that 
result from the laser scanner method including the standard deviation (SD) are 
presented in Figure D-4 in the Appendix D. The inter-subject mean value of the 
parameters of the forearm and the SD (subjects: n=10) that result from each different 
method were calculated and are shown in Table 6-9.  
 
BSP Method Mean Std. Deviation 
M (kg) 
Scanner 1.134 .182 
Geometrical B 1.075 .170 
Geometrical A 1.120 .180 
Adjusted S&B .948 .208 
Shan & Bohn .947 .207 
Muri 1.647 .007 
De Leva 1.072 .143 
CoM (m) 
Scanner .116 .004 
Geometrical B .112 .006 
Geometrical A .133 .006 
Adjusted S&B .119 .008 
Shan & Bohn .119 .007 
Muri .186 .001 
De Leva .122 .006 
MIy (kg·m2) X 103
 
Scanner 7.664 1.191 
Geometrical B 5.278 1.193 
Geometrical A 6.901 1.505 
Adjusted S&B 5.200 1.810 
Shan & Bohn 5.157 1.805 
Muri 3.401 .030 
De Leva 5.800 . 950 
MIx (kg·m2) X 103 
Scanner 7.436 1.241 
Geometrical B 5.277 1.193 
Geometrical A 6.901 1.505 
Adjusted S&B 4.824 1.642 
Shan & Bohn 4.820 1.639 
Muri 3.401 0.030 
De Leva 5.347 0.876 
MIz (kg·m2) X 103 
Scanner .749 .163 
Geometrical B .665 .182 
Geometrical A .659 .216 
Adjusted S&B .574 .206 
Shan & Bohn .574 .206 
Muri .400 .000 
De Leva 1.114 .182 
Table 6- 9:  Inter-subject mean of BSPs & SD for the forearm (n=10) 
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The significant difference and the mean difference between the different methods for 
each forearm’s BSP and the laser scanner method are shown in Table 6.10. According 
to the results, the values of the parameters that result from all the methods are 
considered to be significantly different from the parameter values that result from the 
laser surface scanning method except for the mass value from the simplified 
geometrical approach and the centre of mass value from the simplified geometrical 
approach and the adjusted Shan and Bohn (S&B) equation.  
 
BSP Parameter BSP Method Mean Difference Sig. 
M (kg) 
Geometrical B 0.058 * 
Geometrical A 0.013 - 
Adjusted S&B 0.185 *** 
Shan & Bohn 0.186 *** 
Muri -0.514 *** 
De Leva 0.061 * 
CoM (m) 
Geometrical B 0.005 ** 
Geometrical A -0.016 *** 
Adjusted S&B -0.002 - 
Shan & Bohn -0.002 - 
Muri -0.069 *** 
De Leva -0.005 ** 
MIy (kg·m2) X 103 
Geometrical B 2.386 *** 
Geometrical A 0.763 *** 
Adjusted S&B 2.501 *** 
Shan & Bohn 2.506  *** 
Muri 4.263 *** 
De Leva 1.863 *** 
Mix (kg·m2) X 103 
Geometrical B 2.158 *** 
Geometrical A 0.534 ** 
Adjusted S&B 2.611 *** 
Shan & Bohn 2.616 *** 
Muri 4.035 *** 
De Leva 2.088 *** 
MIz (kg·m2) X 103 
Geometrical B 0.083 ** 
Geometrical A 0.089 * 
Adjusted S&B 0.174 *** 
Shan & Bohn 0.175 *** 
Muri 0.349 *** 
De Leva -0.365 *** 
Table 6- 10: Pairwise Comparison – Forearm 
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The absolute and real percentage differences between the reference method (3D laser 
scanner) and the other BSP methods are summarised in Figure 6-8. As far as the 
absolute percentage difference is concerned, its largest value is presented by Muri’s 
method for all the parameters except for the MIz where the largest absolute 
percentage difference is presented by De Leva’s method. Regarding the real 
percentage difference, all  methods, except for Muri’s et al. (2008) method, 
overestimate the mass. On the other hand, all methods, except for the geometrical 
method, underestimate the distance of the CoM. Finally, all  methods overestimate 
the moment of inertia about  the 3 axes except for De Leva’s (1996) method that 
underestimates the MIz.  
 
Figure 6- 8(a): Pairwise Comparison the Scanning method with all other methods (absolute 
values in %) – Forearm (n=10) 
Mass CM  MIy MIx MIz 
Geom. (B) 5.6 4.2 31.8 29.6 14.1 
Geom. (A) 2.3 13.9 10.7 7.8 18.0 
Adjusted S&B 17.0 4.0 34.0 36.4 24.9 
Shan & Bohn 17.1 4.0 34.1 36.5 25.0 
Muri 49.0 59.3 54.2 52.9 43.7 
De Leva 6.6 4.7 24.3 27.9 51.3 
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Figure 6-8(b): Pairwise Comparison the Scanning method with all other methods (real values in 
%) – Forearm (n=10) 
6.4.3 Evaluating the parameters of the upper arm  
The average intra- and inter-subject values of the parameters of the upper arm that 
result from the laser scanner method including the standard deviation (SD)  are 
presented in Figure D-5 in the Appendix D. The inter-subject mean value of the 
parameters of the upper arm and the SD that result from each different method were 
calculated and are shown in Table 6-11.  
Mass CM  MIy MIx MIz 
Geom. (B) 4.9 4.0 31.8 29.6 11.9 
Geom. (A) 1.1 -13.9 10.7 7.8 13.0 
Adjusted S&B 17.0 -1.9 34.0 36.4 24.9 
Shan & Bohn 17.1 -2.0 34.1 36.5 25.0 
Muri -48.9 -59.7 54.6 53.0 44.2 
De Leva 4.9 -4.4 24.3 27.9 -51.3 
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BSP Method Mean Std. Deviation 
M (kg) 
Scanner 2.551 .685 
Geometrical B 2.778 .593 
Geometrical A 2.174 .535 
Adjusted S&B 1.628 .286 
Shan & Bohn 1.623 .282 
Muri 3.446 .055 
De Leva 1.794 .239 
CoM (m) 
Scanner .121 .005 
Geometrical B .146 .006 
Geometrical A .163 .009 
Adjusted S&B .154 .006 
Shan & Bohn .154 .006 
Muri .222 .027 
De Leva .188 .011 
MIy (kg·m2) X 103 
Scanner 19.535 5.604 
Geometrical B 23.030 6.664 
Geometrical A 20.795 6.758 
Adjusted S&B 10.200 2.770 
Shan & Bohn 10.175 2.703 
Muri 9.831 .228 
De Leva 15.760 3.369 
MIx (kg·m2) X 103 
Scanner 18.881 5.274 
Geometrical B 23.030 6.664 
Geometrical A 20.795 6.758 
Adjusted S&B 10.390 2.733 
Shan & Bohn 10.351 2.666 
Muri 9.831 .228 
De Leva 14.040 3.001 
MIz (kg·m2) X 103 
Scanner 3.822 1.992 
Geometrical B 3.607 1.478 
Geometrical A 2.165 1.035 
Adjusted S&B 1.716 0.590 
Shan & Bohn 1.713 0.593 
Muri 1.879 0.000 
De Leva 4.843 1.035 
Table 6- 11: Inter-subject mean of BSPs & SD for the upper arm (n=10) 
The significant difference and the mean difference between the different methods for 
each upper arm’s BSP and the laser scanner method are shown in Table 6.12. Similarly 
to the forearm, the values of the parameters that result from all the methods are 
considered to be significantly different from the parameters’ values that result from 
the laser surface scanning method except for the MIy and MIx values from the 
simplified geometrical approach and the MIz value from the geometrical approach.  
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BSP Parameter BSP Method Mean Difference Sig. 
M (kg) 
Geometrical B -0.226 * 
Geometrical A. 0.377 ** 
Adjusted S&B 0.923 *** 
Shan & Bohn 0.928 *** 
Muri -0.894 ** 
De Leva 0.757 ** 
CoM (m) 
Geometrical B -0.025 *** 
Geometrical A -0.042 *** 
Adjusted S&B -0.032 *** 
Shan & Bohn -0.033 *** 
Muri -0.101 *** 
De Leva -0.067 *** 
MIy (kg·m2) 
Geometrical B -3.495 * 
Geometrical A -1.260 - 
Adjusted S&B 9.319 *** 
Shan & Bohn 9.359 *** 
Muri 9.704 *** 
De Leva 3.774 ** 
Mix (kg·m2) 
Geometrical B -4.148 ** 
Geometrical A -1.913 - 
Adjusted S&B 8.491 *** 
Shan & Bohn 8.530 *** 
Muri 9.050 *** 
De Leva 4.841 ** 
MIz (kg·m2) 
Geometrical B 0.215 - 
Geometrical A 1.656 ** 
Adjusted S&B 2.105 ** 
Shan & Bohn 2.108 ** 
Muri 1.943 * 
De Leva -1.021 * 
Table 6- 12: Pairwise Comparison of the Scanning method with all other methods – Upper arm 
The absolute and real percentage differences, including the SD, between the reference 
method (3D laser scanner) and the other BSPs’ methods are summarised in Figure 6-9. 
As far as the absolute percentage difference is concerned, its largest value is 
presented by Muri’s method for the mass and centre of mass with the value of 44,5% 
and 82,3% respectively. For MIy, MIx and MIz there isn’t only one method that 
presents the largest value, but three methods with similar large values of the absolute 
percentage difference, as it is seen in Figure 6-9a. Its smallest value is presented by the 
geometrical approach for the mass, centre of mass and MIz and the simplified 
geometrical approach for the MIy and MIx. . Regarding the real percentage difference, 
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all methods underestimate the centre of mass presenting a difference that ranges 
from -20% to -80%. Finally, both geometrical methods underestimate the moment of 
inertia about y- and x- axes and De Leva’s (1996) method the moment of inertia about 
–z axis. 
 
Figure 6- 9(a): Pairwise Comparison of the Scanning method with all other methods (absolute 
values in %) – Upper arm (n=10) 
 
Figure 6-9(b): Pairwise Comparison of the Scanning method with all other methods (real values 
in %) – Upper arm (n=10) 
Mass CM  MIy MIx MIz 
Geom. (B) 12.6 21.1 22.1 24.7 9.5 
Geom. (A) 13.9 35.3 13.5 15.0 42.3 
Adjusted S&B 34.6 27.4 47.4 44.6 51.6 
Shan & Bohn 34.8 27.6 47.5 44.8 51.7 
Muri 44.5 82.3 45.9 44.3 40.5 
De Leva 27.3 56.1 20.3 25.1 51.6 
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Mass CM  MIy MIx MIz 
Geom. (B) -10.9 -21.1 -19.4 -23.3 1.3 
Geom. (A) 13.9 -35.3 -6.7 -10.2 42.3 
Adjusted S&B 34.6 -27.4 47.4 44.6 51.6 
Shan & Bohn 34.8 -27.6 47.5 44.8 51.7 
Muri -43.8 -84.2 45.9 44.3 40.1 
De Leva 27.3 -56.1 17.0 23.7 -43.9 
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6.5 Discussion 
This study assesses seven different methods for the estimation of body segment 
parameters of individuals. Specifically, this study determines the magnitude of the 
differences between them and the reference method (3D laser scanner) for the upper 
limb. In addition, it provides evidence that BSP estimates are highly sensitive to the 
estimation method that is used and therefore, it is helpful to take into account the 
given range of variation of BSP values observed in this study.  
Both the absolute and real percentage differences are important; this is due to the fact 
that the absolute difference indicates the method with the smallest difference from 
the reference method regarding the values of BSPs, while the real difference indicates 
whether a method overestimates or underestimates a parameter’s value in relation to 
the reference value. A method that results in a value with a large absolute percentage 
difference will affect the inverse dynamics solutions less than a method that results in 
a value with a small absolute percentage difference. For example, if a method 
underestimates the mass but overestimates the centre of mass, it may have negligible 
effects on the moments. Figure 6-10 explains the difference between the real and 
absolute difference of BSP values by giving an example. The reference method gives a 
mass value and a centre of mass value, M and CoM respectively. The real percentage 
difference between the reference method and the method X is -50% and +50% for the 
mass and centre of mass respectively. Therefore, the scale is in balance due to the fact 
that the resultant moments are equal. On the contrary, the absolute percentage 
difference between the reference method and the method X is +50% for both the 
mass and the centre of mass. Therefore, the balance shifts to the left - method x. 
The following section compares the methods and discusses the differences between 
them and their limitations. 
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Figure 6- 10: Graphical representation of the difference between BSP real and absolute 
differences  
6.5.1 Comparison of the methods 
The initial evaluation of the methods is given according to each method itself and not 
its influence on inverse dynamics or the calculation of forces in tissues. On the one 
hand, concerning the hand when it is open, the best method for the prediction of its 
BSPs is De Leva’s (1996) regressions giving the lowest absolute percentage difference 
for 3 out of 5 body segment parameters (the CoM and the moment of inertia about y- 
and x- axes). On the other hand, concerning the hand when it is closed, the 
geometrical method (Approach B) is the best method, as it gives the lowest absolute 
percentage difference for all five parameters. It is important to mention that the laser 
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method was used to estimate the difference between the open hand and the closed 
one. This study found that the CoM, the MIy, the MIx and the MIz have an average real 
difference of +17%, +49.3%, +50.3% and -8% respectively between the different states 
of the hand (open versus closed). The values were found to be smaller than the values 
that were found in the previous study of geometrical modelling mentioned in 
Section 4.4.1. A possible reason for this difference is that the shape of the solids which 
were used in geometrical modelling was too simple to accurately represent the mass 
distribution properties of the segments. 
Regarding the forearm, the geometrical simplified method (Approach A) gives the 
lowest absolute percentage difference for 3 out of 5 parameters (the mass, the MIy 
and the MIx), while for the CoM and the MIz the best method is the geometrical 
method (Approach B). All the regressions, except for Muri’s (2008), overestimate the 
mass and underestimate the CoM.  
Finally, the geometrical method (Approach B) could be considered as the best method  
for the calculation of the most  BSPs (the mass, the CoM and the MIz) for the upper 
arm, while the simplified geometrical method (Approach A) gives the smallest absolute 
percentage difference for the other two BSPs (the MIy and the MIx). Similarly to the 
forearm, all the regression methods, expect for Muri’s (2008) regressions, 
overestimate the mass while at the same time they underestimate the centre of mass 
(CoM).  
Muri’s (2008) regressions present the largest absolute percentage difference with a 
range of  44 – 50% and 40 – 80% for the forearm and the upper arm respectively. To 
conclude, the use of age as the only variable for the regressions does not result in an 
accurate approach. Also, Shan and Bohn’s (2003) regressions and the modified 
regressions present similar results due to the fact that the mean subject age that was 
used in this study was similar to the one that was used in Shan and Bohn’s (2003) 
study.  
In conclusion, it was found that there is not a single best method regarding all 
segments and all body segment parameters together. A combination of the 
geometrical method (Approach B) and the simplified geometrical method (Approach 
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A) results in  the closest BSP values of the closed hand, the forearm and the upper arm 
to the respective BSPs’ values from the reference method. Finally, for the open hand, 
De Leva’s (1996) regressions have the smallest differences of the  CoM, the MIy and 
the MIx values in relation to the reference method’s respective values. Table 6-13 
summarises the first and second best method for each different BSP and segment. 
 
 
Mass CoM MIy MIx MIz 
Hand 
Open 
1st: Geom. (B)  
2nd: De Leva 
1st: De Leva  
2nd: S&B 
1st: De Leva  
2nd: S&B 
1st: De Leva  
2nd: S&B 
1st: Geom.(B)  
2nd: S&B 
Hand 
Closed 
1st:Geom. (A) 
 2nd: De Leva 
1st:Geom. (A) 
2nd: De Leva 
1st:Geom. (A)  
2nd: S&B 
1st:Geom.(A)  
2nd: S&B 
1st:Geom. (A)  
2nd: S&B 
Forearm 
1st: Geom. (A) 
2nd:Geom. (B) 
1st: Adjust. S&B 
2nd:S&B 
1st: Geom.(A) 
2nd:De Leva 
1st:Geom.(A) 
2nd:De Leva 
1st: Geom.(B) 
2nd:Geom.(A) 
Upper arm 
1st: Geom. (B) 
2nd: Geom.(A) 
1st: Geom. (B) 
2nd: Adjust. S&B 
1st:Geom. (A) 
2nd:De Leva 
1st:Geom.(A) 
2nd:Geom.(B) 
1st:Geom. (B) 
2nd:Muri 
Table 6- 13: Best methods by comparing to the reference method (3D Laser scanner) 
6.5.2 Limitations of the study 
These limitations can explain the differences that were found between the examined 
methods and the 3D laser scanner method. Some limitations apply only to specific 
methods while others apply to all of them.  
The most important limitation concerning the regression methods is the fact that they 
are not always applicable to populations of different age, gender and/or race. In 
addition, subjects were chosen in such way in order to represent a wide range of body 
types. Thus, the variability of BSP characteristics within the groups increases. These 
large individual differences make the BSPs difficult to be estimated with a high degree 
of accuracy by using only the body weight and height or age. This means that the 
regression methods are applicable only for a population similar to the one that was 
used for defining the regressions. Therefore, the regressions are limited by the sample 
population from which they were generated. 
In geometrical modelling methods, it is important to mention that the solids that are 
used do not fully represent the actual shapes that are clearly more complex. In 
addition, in Section 5.5, it was found that the 3D laser scanner method presents a 
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maximum average error 2.2% concerning the MIz and the MIx. This could explain the 
SD error that was found between the trials of this study.  Another limitation is the 
segmentation differences among trials, subjects and methods; a set of specific 
landmarks are considered for the determination of each segment for all BSP methods. 
However, there might be operator variability in the selection of these points. 
Furthermore, there is some mesh loss due to the segmentation process and therefore 
this could affect the BSP estimation. 
One general limitation is the assumption of constant density. Modelling the volume 
and assuming constant density has been known to lead to error in mass prediction and 
does not accurately represent the inertia properties of the segment (Wei and Jensen, 
1995). However, this is a limitation of all methods presented and analysed here. 
Finally, the study is not based on a large number of individuals from different 
populations and of different ages; this could influence the results and the evaluation 
of the methods. 
This study shows the difference between the BSPs methods; in order to define which 
method is the best for using in MSDs another study has to be made showing the 
sensitivity of each BSP on the MSDs. The next study focuses on the effects of BSPs on 
the MSDs by conducting a sensitivity analysis. 
6.6 How do BSPs affect musculoskeletal models 
Another study was conducted in order to identify the effects of BSPs on 
musculoskeletal modelling and distinguishes the best BSP method for using in the UK 
National Shoulder Model (NSM).  Specifically, all the BSPs values found in the previous 
study were used in the NSM for calculating the glenohumeral joint moments for two 
main predefined functional activities; forward flexion and abduction, at two different 
speeds: slow and fast. Then, a percentage difference between the joint moments 
found by using the BSP methods and the reference method (3D laser scanner) was 
defined. In the NSM, the input data includes the motion (kinematics) as well as the 
body segment parameters. In order to look at the pure effects of the BSPs the same 
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predefined motion data was used for all subjects; therefore only one trial was taken 
into account (due to the fact that the kinematics stays the same) for all the 10 
subjects. In addition, this study identifies the effect of the hand when it is open or 
closed. Table 6.14 shows the mean (for all 10 subjects) absolute percentage difference 
throughout the motion for each activity and speed when the hand is open. 
 
 
Geom. B 
(%) 
Geom. A 
(%) 
Adjusted 
S&B (%) 
S&B (%) Muri (%) 
De Leva 
(%) 
Slow 
abduction 
7.8 ± 8.2 6.1 ± 3.3 14.6 ± 1.3 14.7 ± 1.3 74.5 ± 25.5 0.7 ± 3.6 
Slow f. 
flexion 
6.3 ± 14.9 5.3 ± 5.9 14.2 ± 2.2 14.2 ± 2.3 74.7 ± 48.0 1.9 ± 6.3 
Fast 
abduction 
12.7 ± 12.3 11.2 ± 7.7 14.1 ± 1.1 14.2 ± 1.1 97.8 ± 42.0 5.2 ± 8.1 
Fast f. 
flexion 
29.5 ± 15.3 25.9 ± 9.5 13.1 ± 1.6 13.2 ± 1.6 171.1 ± 51.8 21.2 ± 10.4 
Table 6- 14: Average absolute percentage difference of glenohumeral joint moments between 
the BSP methods and the reference method (3D laser scanner) for open hand for two 
predefined motions at two different speeds 
Table 6.15 shows the mean (for all 10 subjects) absolute percentage difference 
throughout the motion for each activity and speed for closed hand. 
 
 
Geom. B 
(%) 
Geom. A 
(%) 
Adjusted 
S&B (%) 
S&B (%) Muri (%) 
De Leva 
(%) 
Slow 
abduction 
7.8 ± 7.7 6.8 ± 2.8 14.7 ± 1.9 14.8 ± 1.2 71.9 ± 24.5 1.3 ± 3.6 
Slow f. 
flexion 
5.9 ± 13.7 6.0 ± 5.0 14.2 ± 2.0 14.3 ± 2.0 70.9 ± 45.4 2.8 ± 6.2 
Fast 
abduction 
13.8 ± 11.7 12.2 ± 7.3 14.5 ± 1.0 14.6 ± 1.0 99.4 ± 40.2 5.0 ± 8.1 
Fast f. 
flexion 
30.6 ± 13.9 26.8 ± 8.2 13.3 ± 1.6 13.4 ± 1.6 171.8 ± 47.2 21.7 ± 9.7 
Table 6- 15: Average absolute percentage difference of glenohumeral joint moments between 
the BSP methods and the reference method (3D laser scanner) for closed hand for two 
predefined motions at two different speeds 
According to the results it can be seen how the BSPs can affect the NSM considering 
the joint moments at the glenohumeral joint. It was found that the maximum 
difference in the glenohumeral joint moments between BSPs method and the 
reference method was about 172%. Overall, the BSPs calculated by Muri’s (2008) and 
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De Leva’s (1996) regressions gave the highest and lowest percentage difference 
respectively. The type of task played an important role on identifying the best method. 
Considering fast abduction, it was found that the De Leva’s (1996) regressions was the 
best method, in contrast to the fast forward flexion where the adjusted Shan Bohn’s 
(2003) regressions gave the lowest percentage difference. Also, it was found that 
speed plays an important role on the results; faster speed leads to higher differences; 
this was expected. Finally, it was noticed that the hand when it is open or closed had a 
very small effects on the joint moments, with less than 1% difference in most the 
cases. 
According to the literature and this study, the uncertainties of BSPs can generate 
significant variations of joint kinetics estimates (Andrews and Mish, 1996, Rao et al., 
2006). Despite this, the best BSP method for being used in the NSM remains 
controversial. For future work, a sensitivity analysis study that identifies the sensitivity 
of joint moments and therefore muscle forces to different body segment parameter, 
by taking into account more tasks and different speeds, may lead to a clearer 
conclusion. 
6.7 Conclusion 
Two main studies were conducted in this chapter. In the first study, BSPs of the upper 
limb were defined from 10 subjects by using 7 BSP models; 4 regression equation 
methods, 2 geometrical modelling approaches and a 3D laser surface scanning 
method. The models were compared and analysed by using the 3D laser scanner as 
reference method. Overall, it was found that there is not a single best method; 
although, the geometrical modelling approaches had the lowest percentage difference 
for most of the BSPs. 
The second study uses the BSP values found from the first study as input data into the 
UK National Shoulder Model (NSM) for calculating joint moments for two predefined 
tasks at two different speeds. The joint moments were compared and a percentage 
difference was defined by using the 3D laser scanner as a reference value. It was found 
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that BSPs influence differently the joint moments for different tasks and at different 
speeds. At the same time, it was found that the different state of the hand has a low 
effect on the results. Overall, De Leva’s (1996) regressions gave the smallest difference 
in most of the cases except for the fast forward flexion motion. Shan and Bohn’s 
(2003), regressions had the lowest percentage difference for the fast forward flexion. 
In conclusion, the results show that joint moments can be largely affected when 
anthropometric inputs are estimated from different models but the best BSP method 
remains controversial. A careful consideration needs to be taken for choosing the most 
appropriate method (i.e. depending on the speed and type of task).  
In the next chapter, the NSM is used for defining the functionality of upper limb during 
daily functional activities; while, the 3D laser scanner method was chosen for the 
purpose of this study. 
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CHAPTER 7: MUSCLE FORCES IN FUNCTIONAL ACTIVITIES 
MUSCLE FORCES IN FUNCTIONAL ACTIVITIES 
In previous chapters, the importance of Body Segment Parameters (BSPs) and their 
influence on musculoskeletal models was analysed. In this chapter, a modified 
musculoskeletal model (the UK National Shoulder Model) is used for the calculation of 
the muscle and joint forces that are exerted during specific functional activities.  
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7.1 Introduction 
There are several ways of measuring upper limb function, such as in vivo 
measurement techniques, surface and intramuscular electromyography (EMG), as well 
as computational musculoskeletal models (Section 2.5). For the purpose of this study, 
UK National Shoulder Model (NSM) was used for calculating muscle forces in the upper 
limb for a series of tasks of daily living. Subject-specific body segment parameters, 
external loading, and upper limb kinematics are the only required input data. Section 
2.5.1 analysed and discussed further about the model used. 
7.2 Methods 
For the purpose of this study, NSM was modified in such a way that it can define the 
subject-specific anthropometric parameters. According to the previous chapter, this 
could improve the subject specificity. The original model uses De Leva’s (1996) 
regression equation for the determination of BSPs. In this thesis the model was 
modified way to include three of the BSP estimation methods described in Chapter 6. 
These methods include the direct measurements (i.e. from the laser), the modified 
regressions and the geometrical modelling methods. In the study here the directly-
measured BSP values from the 3D laser scanner method were used.   
Six male subjects (Caucasian, mean age 25, mean height 179 ±6 cm, mean body mass 
72 ±4 kg) and five fundamental functional activities that represent most of the daily 
living activities (ADL) were considered in this study; the activities include the 
movement of pulling, of pushing, of drinking from a glass, of picking & placing and an 
extreme scapula motion activity. Each task was repeated 5 times and was performed 
by all 6 subjects. The tasks were chosen because of their simplicity, importance and 
their use as everyday activities. Figure 7-1 illustrates the 5 different tasks that were 
used in this study. Each trial of the same task starts and finishes at a specific/pre-
marked point. All the activities start and finish at different points except for the task of 
drinking from a glass, which starts and finishes at the same point.  
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Figure 7- 1: Selective functional tasks that were used in this study 
DRINKING FROM GLASS 
PICK AND PLACE 
EXTREME SCAPULA MOTION 
PULL 
PUSH 
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7.2.1 Selection of tasks  
The Murray’s (1999) and Gabel’s et al. (2006) studies were used for defining the most 
preferable and suitable activities. Specifically, for the selection of the activities four 
factors were considered: the importance of the task, the simplicity of filming, the 
repeatability and the range of motion. On the one hand, Gabel et al. (2006) evaluated 
the activities by using the standardised Self-Report Outcome Measures (SROMs). In 
their study, a number of specific tasks are evaluated according to the upper limb 
degree of impairment that is required for performing the task. On the other hand, 
Murray (1999) assessed 23 activities that are related to daily living activities. In his 
study, he assesses the activities according to the range of shoulder and elbow joint 
movement, as well as according to the overall visibility of the motion to the cameras. 
Also, it was important to define highly repeatable tasks between subjects and trials.  
Regarding the “pull” and “push” tasks, they are closely related to daily tasks such as 
opening/closing a door, a cupboard, a drawer or a wardrobel. During the “pull” and 
“push” task, each subject was instructed to push or pull a light weighted wooden 
beam from minimum to maximum elbow joint range and vice versa at a standing 
position. The force that the subjects needed to apply at the beam (for pushing or 
pulling) it was very small; the beam was used only for defining the path of the task. 
The subjects were instructed to keep the beam at shoulder height. Concerning the task 
of drinking from a glass, it is a daily and common activity. The activity of drinking from 
a glass is very similar to activities such as eating with a spoon or fork. During testing, 
the subject was sitting on an adjustable chair; the chair was set in a way that the 
seated elbow height was at the same as the table’s height. The glass was positioned at 
a marked point close to the edge of the table. For the “pick & place” task, the subject 
was instructed to move an object for a point A to another point B. This task is a 
common activity that most of people perform many times during the day for different 
types of daily tasks. Finally, “extreme scapula motion” is a very important activity as it 
is related to many overhead tasks such as placing something on a shelf (overhead) and 
washing and brushing the hair. This task uses a high scapula motion range. During the 
task, the subject was instructed to place an object from a point A to another point B; 
the points are set in a way that the subject uses the maximum scapula motion range. It 
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is worth mentioning that all subjects were instructed to perform tests at a speed and 
in a manner that they felt comfortable. In addition, during the motion the subjects 
weren’t resting neither at point A nor at point B. Finally, for simplicity reasons all 
contact forces, such as the weight of the glass and the force that is exerted when the 
hand is resting on the table or when pushing/pulling the beam, were neglected; also, 
by ignoring the external forces the results are not limited on specific forces and 
therefore the study leads to broader outputs. 
7.2.2 Capturing the motion data 
The motion was captured by using VICON motion capture system (VICON Motion 
Tracking System, VICON, Oxford, UK). Specifically, ten MX-13+ infra-red emitting 
cameras (VICON Motion Tracking System, VICON, Oxford, UK) were used at an 
acquisition rate of 100 Hz. VICON NEXUS software was used for capturing and 
analysing the motion tasks and therefore for defining the coordinates of each 
segmental point for a specific time period, which were used as input data to the NSM 
for the calculation of kinematics of the upper limb. The upper limb in the NSM is 
divided into 5 bone segments: the thorax, the scapula, the humerus, the radius and 
the ulna. These are connected with two joints of 3 degrees of freedom (DoF), the 
Scapulothoracic (ST) and the glenohumeral (GH) joints, and a single DoF hinge joint at 
the elbow. Each joint has a different coordinate system.  
The marker set up is shown in Figure 7-2. The markers in blue are landmarks 
recommended by the ISB (Wu et al., 2005). The dotted marker in turquoise is a virtual 
marker position; it is the estimated centre of rotation of the glenohumeral joint. The 
markers in green are the digitised marker positions on the epicondyles. Finally, the 
markers in yellow are additional markers; they are used in order to facilitate the 
identification of anatomical markers or in order to replace anatomical markers during 
dynamic trials. The position of medial epicondyle (ME) and lateral epicondyle (LE) was 
defined according to the position of the technical coordinate system of a pointer’s 
triad in ‘static’ trials before data collection. During the capture of the motion data, the 
position of each epicondyle was reconstructed through geometric calculations with 
respect to the upper arm (Cappozzo et al., 1995).   
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Figure 7- 2: a)Subject marker set-up (modified image from Shaheen, 2010) and b) position of 
the technical coordinate frame for defining ME 
The local anatomical coordinate frames for the thorax, the upper arm and the forearm 
are shown in Figure 7-3. In order to describe the orientation of the upper limb joints in 
(a) 
(b) 
152 
the 3D Euclidean space, the shoulder, elbow and scapular rotations were calculated 
using Euler angles with z-x’-y’’ Cardan sequence. For the elbow joint, the rotations 
about z, y and x axes are the elbow flexion/extension, pronation/supination and 
varus/valgus (tilt) respectively and for the glenohumeral joint, the rotations about z, y 
and x axes are forward flexion/extension, external/internal rotation and 
abduction/adduction respectively (Wu et al., 2005). 
Figure 7- 3: Anatomical axis of the upper arm (modified from Wu et al., 2005).  
Left: Thorax co-ordinate frame. Middle: Upper arm co-ordinate frame. Right: Forearm co-
ordinate frame at posterior facing position.  
7.2.3 Defining the start and end motion point 
Defining the start and end point of the motion is crucial for the comparison of the 
inter-subject and intra-subject motion repetition. Joint angles were quantified from 
the NSM. Two different methods were developed for the determination of the start 
and end point of the motion and they were compared with each other. More 
specifically, the results were interpolated into the percentage of time that the motion 
requires in order to be completed and the differences between the trials were 
represented by the standard deviation. 
The two methods that were used for the determination of the start and end point of 
each motion were designed in order to run in a MATLAB format, these are: the Motion 
Threshold (MT) and Acceleration Threshold (AT) methods. The first one uses the 
gradient of the joint angles during the motion, while the second one uses the 
acceleration of the motion. More specifically, MT calculates the gradient of the elbow 
flexion/extension angles and the glenohumeral (GH) forward flexion/extension and 
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abduction/adduction angles during the motion. By looking at the gradients, a change 
can be seen between when the subject is at rest or moving. Figure 7-4 shows an 
example of the process of defining when the motion starts and finishes.  It is worth 
mentioning that this example considers only the elbow angle in contrast to the 
method that takes into account both elbow and GH joint motion. In this case, the start 
of the movement that starts first and the end of the movement that finishes last 
determine the whole movement duration. Figure 7-4(a) shows the original motion and 
(b) shows the gradient of these angles; during the period of time “a” and “b”, the 
elbow is nearly static while between time “a” and “b” the elbow is moving. Thus, the 
motion starts and finishes when the gradient increases above a certain threshold. In 
this case, the threshold number of the gradient was set equal to 0.4 and the final data 
of the motion are shown in Figure 7-4 (c). 
 
Figure 7- 4: Example illustration of defining the start and end point of the motion data. a) 
Original data, b) gradient of the original data, c) final data 
The main function of the second method, namely AT, is to synchronise the motion 
with the acceleration of the motion and correlate the accelerometer with VICON data. 
An accelerometer with a marker attached to it was included in the previously 
described marker set (Figure 7-2), before the capture of the motion took place. The 
accelerometer is attached to the forearm. The capture starts with the subject resting 
for about 3-5 seconds, next, the subject taps the accelerometer and marker, then rests 
again for 3-5 seconds and after that the motion starts. When the motion finishes the 
subject rests for 3-5 seconds and then the subject taps the accelerometer and marker 
again (Figure 7-5).  
 
(a) (b) (c) 
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Figure 7- 5: Example illustration of accelerometer data during the whole capture process  
Due to the fact that the accelerometer and the VICON system started capturing the 
data at different times, the motion data (from VICON) and the acceleration data (from 
the accelerometer) need to be synchronised (Figure 7-6). The maths that was used for 
the synchronization and correlation between the motion data and the acceleration 
data is described below and shown in Equations 7-1 – 7-5. First of all, the fact that the 
frequency and timing of the accelerometer (10 Hz) and VICON system (100 Hz) are 
different has to be taken into account.  Equation 7.1 gives a factor value between the 
two different frequencies. Thus, any point of the motion data can be correlated with 
the accelerometer timing. Equation 7.2 gives the difference between the time that the 
VICON system starts capturing the data and the time that the accelerometer starts 
capturing the data. The Point (M2) and Point (M3) (Equations 7.3 and 7.4) are the 
points where the motion starts and finishes according to the acceleration and not to 
the motion itself. The Point (M4) (Equation 7.5) is used to check the accuracy between 
the calculated Point (M4) and the actual point that can be defined by the motion 
graph. Figure 7-6 is used for the optimisation of the points, as well as for better 
understanding all the above. 
 
Tapping before motion Tapping after motion Start/end of motion 
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Figure 7- 6: Acceleration and Motion Data (Example) 
 
                             Eq. 7-1 
 
                
         
           
            Eq. 7-2 
 
                                                Eq. 7-3 
 
                                                Eq. 7-4 
 
                                                Eq. 7-5 
 
After clearing the data and identifying the start and end points, the results were 
interpolated into percentage of motion by using a linear interpolation technique. In 
this study, the “drinking from glass” task was taken into account and analysed further 
considering 6 subjects over 5 trials.  Using the standard deviation between the trials, 
the method with the highest accuracy and repeatability can be identified. 
7.2.4 Data processing 
As was discussed in Section 2.5, in musculoskeletal modelling, muscles are 
represented by multiple frictionless taut strings. In this study, 20 muscles were 
considered and are presented in Table 7-1. Muscle forces were calculated using the 
modified UK National Shoulder Model (NSM); modifications include the determination 
of BSPs. Specifically, the geomtrical techniques and the new regressions equations as 
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well as the option to input direct BSPS values were implemented in the model. Direct 
subject specific BSP values were used for the purpose of this study. The maximum 
predicted muscle force was divided by the maximum force that each muscle can apply 
(muscle activation). According to Fukunaga et al. (2001), the maximum muscle force is 
generally considered to scale linearly with the muscle Physiological Cross Sectional 
Area (PCSA), which is defined as the muscle volume divided by the optimal muscle 
fibre length (Bamman et al., 2000). In this way, the muscle force that is applied the 
most during a task could be indentified. The maximum values presented in this study 
are the mean values of the individuals’ maximum values (over 5 trials). Wherever the 
results of an individual subject are presented, they represent the mean values over the 
5 trials. For each functional task, the muscles with the highest activation – predicted 
muscle force divided by the maximum muscle force – are taken into account and 
analysed further. In order to check the consistency within subjects and trials, the 
standard deviation (SD)  was used. 
  
Muscle Abbreviation 
Number of 
Elements 
Muscle Constraints/ 
Max. Muscle Force (N) 
Trapezius S.(Superior fibres) Trap.S 3 330 
Trapezius M.(Middle fibres) Trap.M 2 410 
Trapezius I. (Inferior fibres) Trap.I 11 560 
Serratus Anterior SA 9 1050 
Deltoid  anterior Delt.A 2 380 
Deltoid  posterior Delt.P 2 620 
Deltoid  midle Delt.M 1 230 
Teres major T.maj 1 410 
Teres Minor T.min 1 210 
Pectoralis Major (Thorax origin) P.maj 5 950 
Latissimus Dorsi LD 5 660 
Supraspinatus SS 1 300 
Infraspinatus IS 3 600 
Subscapularis SBS 3 780 
Biceps Long Head BIC.L 1 297 
Biceps Short Head BIC.S 1 283 
Brahialis Bra 2 524 
Triceps long TRI.long 2 470 
Triceps medial TRI.med 2 452 
Triceps lateral TRI.lat 2 420 
Table 7- 1: Muscles that are considered in this study and their abbreviations 
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7.3 Results 
7.3.1 Defining the estimation method of the start and end points of a motion 
This study identifies the method that gives the start and end points of a motion with 
the greatest repeatability. Table 7-2 shows the maximum standard deviation values 
(SD) between the 5 trials in degrees concerning the joint angles and in mm concerning 
the glenohumeral centre of the task “drinking from glass”. The maximum SD values 
were calculated using both AT and MT methods. The table includes the joint angles for 
the glenohumeral (GH) joint, elbow joint and glenohumeral centre 
 
 
Joints 
AT Method MT Method 
Joint Motion Type 
1* 2* 3* 1* 2* 3* 
GH Joint (Deg.) 44.48 25.375 38.536 21.967 5.8949 20.527 
Elbow Joint (Deg.) 41.254 3.0332 10.419 4.2799 1.5286 3.3295 
GH Centre (Deg.) 3.1685 13.414 2.5622 2.9245 3.0716 1.5943 
*1. GH Joint: Forward Flexion/Extension, Elbow Joint: Flexion/Extension, GH Centre: z 
*2. GH Joint: Internal/External rotation, Elbow Joint: Pronation/ Supination, GH Centre: x 
*3. GH Joint: Adduction/Abduction, Elbow Joint: Flexion/Extension, GH Centre: y 
Table 7- 2: Maximum SD values of joint angles according to the AT and MT method 
By comparing the maximum SD values between the two methods, MT method 
presents the lowest SD values for all joint angles and therefore it is considered as the 
standard method for defining the start and end points of any upper limb motion for 
this study. The repetition level can be defined by looking the differences between the 
trials. Smaller differences demonstrate higher repeatability. 
7.3.2 Average joint forces and GH joint stability 
The maximum and mean values of glenohumeral (GH) and elbow (EL) joint forces for 
all six subjects are presented in this section (Figure 7-7 and Figure 7-8 respectively). 
This helps to understand the level of loading that each task generates on each joint 
during the motion. Also, the values of joint forces allow the comparison of this study 
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with other studies in the literature, as the values are commonly presented in many 
studies. The values of joint forces have been normalised to the subject’s body weight 
(BW).  
Concerning GH joint forces, the largest maximum GH joint force was found 57.2% BW  
for the extreme scapula motion task. The “pick & place” activity produced the smallest 
maximum force (27.0% BW) and was followed by the “drinking from glass” activity 
(41.8% BW). The elbow joint forces were much lower than the glenohumeral joint 
forces for all tasks (p value?). All five tasks  produced  forces on the elbow joint 
approximately of the same magnitude; the range of maximum forces was 10-16% BW, 
which is almost 1/5 of the largest maximum GH joint force. The largest maximum EL 
joint force was found to be 16.4% BW for the “push” activity and the smallest 
maximum joint force was 9.6% BW for the “pick & place” activity. For all five tasks, the 
maximum intrasubject SD was much lower than the maximum intersubject SD. 
Regarding the GH joint, the highest maximum intersubject and intrasubject SD values 
were 15.9% BW and 7.4% BW respectively for the “push” task. Concerning the elbow 
joint, the highest maximum intersubject and intrasubject SD values for the “push” task 
were 5.5% BW and 3.5% BW, respectively . The values of the mean joint forces for 
both the elbow and glenohumeral joints were similar to the maximum values for the 
“drink from glass” and “pick & place”activities. The mean and maximum glenohumeral 
and elbow net joint forces during the motion are shown in Appendix  E.1. 
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Max joint force (% BW) Mean joint force (% BW) 
Drinking from Glass 41.8 Intra SD (4.9), Inter SD (15.7) 35.8 Intra SD (3.4), Inter SD (14.2) 
Extreme Scapula M. 57.2 Intra SD (7.0), Inter SD (14.7) 45.1 Intra SD (4.7), Inter SD (10.1) 
Pick & Place 27.0 Intra SD (2.1), Inter SD (17.0) 24.5 Intra SD (1.7), Inter SD (14.7) 
Push 51.8 Intra SD (7.4), Inter SD (15.9) 35.7 Intra SD (5.4), Inter SD (13.8) 
Pull 43.9 Intra SD (4.0), Inter SD (19.3) 23.6 Intra SD (2.5), Inter SD (17.3) 
Figure 7- 7: Mean and maximum values of glenohumeral joint forces 
 
 
Max joint force (% BW) Mean joint force (% BW) 
Drinking from Glass 12.0 Intra SD (2.8), Inter SD (4.6) 9.3 Intra SD (1.6), Inter SD (3.1) 
Extreme Scapula M. 12.9 Intra SD (2.2), Inter SD (11.6) 45.1 Intra SD (1.7), Inter SD (3.1) 
Pick & Place 9.6 Intra SD (5.1), Inter SD (9.4) 24.5 Intra SD (0.7), Inter SD (4.6) 
Push 16.4 Intra SD (5.5), Inter SD (11.2) 35.7 Intra SD (2.2), Inter SD (2.3) 
Pull 11.1 Intra SD (3.9), Inter SD (6.9) 23.6 Intra SD (1.1), Inter SD (3.4) 
Figure 7- 8: Mean and maximum values of elbow joint forces 
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The GH joint is intrinsically unstable and its stability is provided forces of the 
surrounding muscles and ligaments. The stability of the GH joint is related to the 
direction of the reaction force that is exerted on the joint; for this reason the GH joint 
force locus was defined and presented in Figure 7-9.  
The most important feature of all the plots in Figure 7-9 is that none of the GH forces 
loci pass through a point that is close to the edge of the glenoid articulating surface. 
Therefore, the joint is in a position of stability. The tests with the greatest coverage 
over the humeral head were those with a large range of GH motion, such as the 
extreme scapula motion and the “push” and “pull” activities. The “drinking” task and 
the extreme scapula motion task presented a similar loading path for all subjects. The 
“pull” and “push” tasks showed a high loading path variation between the different 
subjects and some of them were close to the edge of the glenoid articulation surface. 
The determination of the joint forces and glenohumeral stability is important for their 
comparison with the values that are found in literature. Moreover, the muscle 
activation is also important for the determination of the most active muscle and the 
correlation between this and the pathology.  
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Figure 7- 9: Average GH joint force’s locus in a plane parallel to the glenoid ellipse for all six 
subjects for the tasks: a) drinking from glass, b) Extreme scapula motion, c) Pick & place, d) 
Push, e) Pull 
(a) (b) 
(c) 
(d) (e) 
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7.3.3 Average muscle activation 
Mean maximum activation of all 6 subjects is shown in Figure 7-10.  
 
Figure 7- 10: Mean (± intersubject SD) maximum muscle activation 
The maximum muscle activation was about 47% for the deltoid medial head and was 
caused by the extreme scapula motion and the “push” activity. The second most active 
group of muscles consists of the two rotator cuff muscles, supraspinatus and 
infraspinatus, with a 27% maximum activation during the extreme scapula motion 
task. Biceps long head was more active than biceps short head during all activities with 
a maximum muscle activation reaching 19%. Finally, the superior and middle part of 
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trapezius present higher activation than the inferior part during all activities; the 
maximum muscle activation for the trapezius superior fibres and inferior fibres was 
about 17% during the “pick and place” activity and 19% during the extreme scapula 
motion activity respectively. 
7.3.3.a Drinking from glass 
This section focuses on the muscle activation during the “drinking from glass” activity. 
In Figure 7-11, the mean values of the maximum muscle activation of all subjects and 
the average intrasubject SD values for all 20 muscles are illustrated. In this study, it 
was found that the most active muscles during the activity were the deltoid medial 
head and supraspinatus. Both muscles present about 28% maximum activation (mean 
value that results from all subjects) during the task. Biceps long head and infraspinatus 
comprise the second most active muscle group with about 19% maximum muscle 
activation (mean value). 
 
Figure 7- 11: Mean values of the maximum muscle activation of the subjects and intrasubject 
SD values for the “drinking from glass” task 
7.3.3.b Extreme scapula motion task 
This section focuses on the muscle activation during the “extreme scapula motion” 
activity. Similarly to the previous section, the mean values of the maximum muscle 
activation of all subjects and the average intrasubject SD values for all 20 muscles were 
found in this study. Deltoid medial head was found to be the muscle with the highest 
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activity (about 47%). Supraspinatus and infraspinatus were used a lot in this activity 
presenting maximum muscle activation equal to about 27%. Finally, the trapezius 
superior and medial fibres, the anterior and posterior deltoid and the two heads of 
biceps presented more than 10% maximum activation during the activity (Figure 7-12). 
 
Figure 7- 12: Mean values of the maximum muscle activation of the subjects and intrasubject 
SD values for the “extreme scapula motion” task 
7.3.3.c Pick and place task 
This section focuses on the muscle activation during the “pick & place” activity. The 
mean values of the maximum muscle activation of all subjects and the intrasubject SD 
values are presented in Figure 7-13. All muscles except for the trapezius superior 
fibres, the deltoid medial head, the suprespinatius and the biceps long head, weren’t 
very active during the task (lower than 10% activation).  The most active muscles were 
the deltoid medial head and supraspinatus with maximum activation (mean value) 
about 20%. 
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Figure 7- 13: Mean values of the maximum muscle activation of the subjects and intrasubject 
SD values for the “pick & place” task 
7.3.3.d Push task 
This section presents the mean values of the maximum muscle activation of all 
subjects as well as the intrasubject SD values for the “push” activity (Figure 7-14). 
Similarly to the other activities, the deltoid medial head was activated the most (about 
48%) during the “push” task. In addition, the supraspinatus , the infraspinatus and the 
biceps long head presented 22%, 30% and 18%  maximum activation (mean value) 
respectively. Finally, the rest of the muscles presented less than 15% activation. 
 
Figure 7- 14: Mean values of the maximum muscle activation of the subjects and intrasubject 
SD values for the “push” task 
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7.3.3.e Pull task 
The mean values of the maximum muscle activation of all subjects as well as the 
intrasubject SD values for the “pull” activity are shown in Figure 7-15. As it was 
expected, the “pull” task shows similar activation to the “push” task for the highly 
active muscles (higher than 10%), which are the deltoid medial head, the 
supraspinatus and the infraspinatus. The highest difference from the values that were 
found for the “push” task was presented by the infraspinatus and the biceps long 
head. More specifically, the infraspinatus and biceps presented about 8% and 3% less 
activation respectively than the “push” task.  
 
Figure 7- 15: Mean values of the maximum muscle activation of the subjects and intrasubject 
SD values for the “pull” task 
The calculation of the maximum muscle activation is very useful for screening the 
results and focusing on the most active muscles. In addition, muscle activation is 
important as it can be related to pathology. However, except for the muscle activation, 
it is important to determine the muscle forces that are generated during the motion 
path of each activity. This facilitates the understanding of the physiology behind each 
activity. 
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7.3.4 Average muscle forces 
This section presents the mean values of muscle forces of all 6 subjects for the most 
active muscles during each different task. It is worth mentioning that the intersubject 
standard deviations (SDs) are not shown as error bars in the figures for clarity of 
presentation but the mean SD values are shown in each graph’s legend.  
7.3.4.a Drinking from glass 
This section presents the mean values of muscle forces that are generated during the 
“drinking from glass” task (Figure 7-16). The infraspinatus muscle plays an important 
role in the “drinking from glass” task generating the maximum force (about 110 N). 
The rest of the muscles generated forces of similar magnitude during the task. Finally, 
the pattern of muscle forces during the “drinking from glass” task indicates that a few 
muscles actuate the task. The supraspinatus and serratus anterior are particularly 
important at the start and at the end of the motion while the infraspinatus and deltoid 
medial head in the middle (25-75%) of the motion. It should also be mentioned that 
the Trapezius superior fibres force and the Infraspinatus force present high 
intersubject SD values. 
 
Figure 7- 16: Mean values of the muscle forces of the subjects for the “drinking from glass” 
task. The mean intersubject SD values are not shown as error bars for clarity of presentation. 
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7.3.4.b Extreme scapula motion 
This section presents the mean values of muscle forces that are generated during the 
“extreme scapula motion” task (Figure 7-17). The pattern of muscle forces during the 
“extreme scapula motion” activity is more uniformly distributed than the one of the 
“drinking from glass” task.The supraspinatus together with serratus anterior initiate 
the motion and the infraspinatus and deltoid medial head are highly loaded for a large 
part of the motion (40-100%). It is worth mentioning that the trapezius superior fibres 
didn’t generate any force from the70% of the motion until the end. 
 
Figure 7- 17: Mean values of the muscle forces of the subjects for the “extreme scapula 
motion” task. The mean intersubject SD values are not shown as error bars for clarity of 
presentation. 
7.3.4.c Pick & place 
This section presents the mean values of muscle forces that are generated during the 
“pick & place” task (Figure 7-18). All the muscles in this motion generated forces of 
similar magnitude (about 40-60 N) during the whole motion. 
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Figure 7- 18: Mean values of the muscle forces of the subjects for the “pick & place” task. The 
mean intersubject SD values are not shown as error bars for clarity of presentation. 
7.3.4.d Push task 
This section presents the mean values of muscle forces that are generated during the 
“push” task (Figure 7-19).  At the beginng of the task, all muscles generated forces of 
similar magnitude (20-40N).  After the 20% of the motion, the infraspinatus generated 
the largest force that was increasing during the activity. This largest force is followed 
by the one that is generated by the deltoid medial head, which also was increasing 
during the activity. It is worth mentioning that the serratus anterior generated a force 
of approximately the same magnitude (40N) throughout the activity. 
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Figure 7- 19: Mean values of the muscle forces of the subjects for the “push” task. The mean 
intersubject SD values are not shown as error bars for clarity of presentation. 
7.3.4.e Pull task 
This section presents the mean values of muscle forces that are generated during the 
“pull” task (Figure 7-20).  In contrast to the “push” task, all muscles generated the 
largest forces at the beginning of the motion. It is worth mentioning that the mean 
intersubject SD value of the infraspinatus force during the “pull” task was higher than 
the same value that was found during the “push” task. 
Figure 7- 20: Mean values of the muscle forces of the subjects for the “pull” task. The mean 
intersubject SD values are not shown as error bars for clarity of presentation. 
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7.4 Discussion 
The aim of this chapter is the determination of the joint muscle and forces that are 
generated during functional activities by the use of NSM. In addition, given the large 
amount of data output from the musculoskeletal modelling of the 6 subjects, each 
functional activity is discussed in this section. 
7.4.1 Joint forces and GH joint stability 
The maximum and mean values of glenohumeral (GH) and elbow (EL) joint forces for 
the five types of functional activities of this study including the joint forces of similar 
activities that were found in literature are tabulated in Table 7-3. The values of the 
joint forces that were found in this study seem reasonable; the differences between 
the results of this study and the literature could be explained by the different speed at 
which the task was performed, the different motion path of the task and/or the 
different subject-specific body segment parameters that were used. 
Table 7-3 is divided into three parts: the first part considers single-path motions, such 
as the abduction, flexion and external rotation; the second part shows daily activities 
(multi-path motions) that were found in literature; and the third part presents the 
results of this study.  
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Activity 
External 
load (kg) 
Peak GH 
Force 
(%BW) 
Peak EL 
Force 
(%BW) 
Reference 
Slow abduction 2.00 120 - (Bergmann et al., 2011) 
Slow abduction II - 50 - (Bergmann et al., 2011) 
Slow forward flexion 2.00 130 - (Bergmann et al., 2011) 
Slow forward flexion II - 70 - (Bergmann et al., 2011) 
Fast abduction 2.00 95 - (Bergmann et al., 2011) 
Fast abduction II - 57 - (Bergmann et al., 2011) 
Fast forward flexion  2.00 100 - (Bergmann et al., 2011) 
Fast forward flexion II - 50 - (Bergmann et al., 2011) 
Abduction, elbow 
flexed 90o 
- 40 - (Dul, 1988) 
External rotation, 
elbow flexed 90o 
- 28 - (Westerhoff et al., 2011) 
Pull & push containers 
on two wheels 
Pull: 20.39 
Push: 30.58 
270 - (Kuijer et al., 2003) 
Put something on 
shelf at belt height 
2.00 87 - (Westerhoff et al., 2011) 
Opposite axilla - 45 14 (Charlton, 2004) 
Opposite side of neck - 44 19 (Charlton, 2004) 
Side and back of head - 43 21 (Charlton, 2004) 
Eat hand to mouth - 49 15 (Charlton, 2004) 
Eat with spoon 0.05 50 18 (Charlton, 2004) 
Drink From Mug 0.27 58 17 (Charlton, 2004) 
Answer telephone 0.21 64 23 (Charlton, 2004) 
Brush left side head 0.04 50 16 (Charlton, 2004) 
Lift to shoulder height 0.45 80 28 (Charlton, 2004) 
Lift to head height 0.45 78 26 (Charlton, 2004) 
Drink from glass - 42 12 This study 
Extreme scapula 
motion 
- 57 13 This study 
Pick & place - 27 10 This study 
Pull - 44 11 This study 
Push - 52 16 This study 
Table 7- 3: Values of the peak glenohumeral and elbow joint forces 
Concerning the first part, it can be noted that the speed and the external loading are 
two important factors that affect the results. In addition, the angle of flexion of the 
elbow plays an important role as well. In the second part of the table, it can be seen 
that the larger the external load is, the larger the joint forces are. Therefore, it is 
important to mention that the successful completion of an activity depends on the 
weight that the subject carries. For example, the fact that a subject can lift a 1kg box 
up to shoulder height doesn’t necessary entail that the same subject can lift the same 
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box if it was 2kg. This explains why this study was carried out without any external 
load. In this way, the actual force that is required by the activity, without any external 
load, can be found.  
According to the results of this study and the joint forces that were found in literature, 
it was found that the “pick & place” task is the easiest task concerning the GH and EL 
joint forces; this is due to the simplicity of the task. On the other hand, the “extreme 
scapula motion” task was found to be the most difficult unloaded task (without 
external loads) after the slow forward flexion. Overall, the results of this study are 
encouraging since they show that the joint forces are of the same order of magnitude 
with the joint forces that are generated during comparable tasks. 
Regarding the GH joint stability, the representation of the GH joint force that was used 
in the NSM has been used by van der Helm et. al. (1992). According to Charlton (2004), 
the criterion for the stability of the glenohumeral joint is straightforward; merely that 
the GH contact force should not pass outside the glenoid (modelled as an ellipse fitted 
to the glenoid rim). The GH force is confined mainly to the bottom left (infero-
posterior) quadrant of the glenoid articulation for the activities of this study, with the 
exception of the “pull” task. The “pull” and “push” activities are the only two activities 
that show a possible joint instability for some subjects at the start and at the end of 
the motion respectively, as some frames are at the edge of the glenoid. The “extreme 
scapula motion” and the “drinking from glass” tasks show a similar pattern. Overall, 
the glenohumeral joint seems to be stable for most of the daily activities of this study, 
for most of the motion paths of each activity and for all subjects.  
7.4.2 Muscle forces and activation 
This section discusses the muscle activation and the muscle forces that are generated 
during the 5 daily activities of this study.  In addition, it analyses and discusses the 
most important and active muscle. The following muscle actions can be read together 
with Figure 7-21. 
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7.4.2.a Deltoid 
The main role of the deltoid medial head is to abduct the arm, while the deltoid 
anterior fibres act as the main flexor of the upper arm. According to Charlton (2004), 
the middle deltoid has a substantial elevation moment arm in a large range of planes 
from retro-flexion to forward flexion. This is caused by its lateral location and its ability 
to wrap to either the anterior or the posterior humerus. During the “drinking from 
glass” task and the “extreme scapula motion” activity, the arm is abducted for about 
35 and 40 degrees respectively. This explains the high activation of the deltoid medial 
head at the midpoint of the “drinking from glass on the mouth” activity (35 degrees 
abduction) and at the endpoint of the “extreme scapula motion” task (40 degrees 
abduction). The “pull” and “push” tasks activate the deltoid at the start and at the end 
of the motion respectively due to the large moment arms at these points. Finally, the 
middle deltoid presented a high intrasubject SD of the values of muscle activation 
(16%). 
7.4.2.e Supraspinatus 
The supraspinatus provides a major support in abduction, whilst it stabilises the 
shoulder joint (Section2.2.2). The supraspinatus together with the infraspinatus were 
the most active muscles, after the middle deltoid, with 25% peak activation and 71N 
peak force for the “extreme scapula motion” task. According to Charlton (2004), the 
supraspinatus muscle shortens considerably during humeral abduction having as a 
result the decrease of the muscle’s ability to produce force. This explains the fact that 
for the “extreme scapula motion” and the “drinking from glass” tasks, the more the 
GH is abducted, the smaller the supraspinatus muscle force is. 
7.4.2.c Trapezius 
Despite the high activation and the steady activity of the superior and middle fibres of 
the trapezius (maximum muscle activation 17%), the muscle generated very small 
forces in comparison with the other muscles during all the activities of this study. the 
trapezius muscle plays an important role for stabilising the scapula. Therefore, the 
steady activation and the forces of the trapezius indicate that the muscle provides 
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some lateral rotation moment on the scapula balancing the net medial moment 
caused by the weight of the arm.  
7.4.2.b Serratus anterior 
Serratus anterior is one of the most active muscles that generate a force of 
approximately the same magnitude throughout the motion during all tasks except for 
the “extreme scapula motion” task. In the study, it was found that the maximum 
muscle activation value is 8% during the “extreme scapula motion” task. The main role 
of the serratus is to stabilise and protract the scapula; this explains the large forces 
that were generated after the 50% of the motion during the “extreme scapula motion” 
task. 
7.4.2.d Infraspinatus 
The infraspinatus muscle is interestingly one of the most active muscles with a 
maximum force and activation of 147-158N and 26-27% respectively during the “push” 
and “extreme scapula motion” activities. The maximum infraspinatus muscle 
activation and forces correlate with the high internal rotation of the GH joint and 
involve reaching across the body with the humerus internally rotated and the elbow 
flexed, giving rise to a large net external rotation moments. This highlights the role of 
the infraspinatus as an external rotator of the humerus. For example, for the “extreme 
scapula motion” task, the infraspinatus muscle generated the largest forces at the 50% 
of the motion. At this point the elbow and the glenohumeral joint angle were about 40 
degrees in flexion and elevation respectively. 
7.4.2.f Biceps long head 
The long head of biceps has a role as a flexor for the elbow joint. It can be seen that in 
most activities, the biceps forces that are presented when the elbow is flexed are 
smaller than the biceps forces that are presented when the elbow is extended; due to 
the bigger level arm that necessitates higher elbow and glenohumeral joint moments.  
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Figure 7- 21: Posterior view of the scapula and muscle actions: 1.Deltoid, 2.Supraspinatus, 
3.Serratus anterior, 4.Trapezius, 5.Infraspinatus, 6.Biceps long head (modifed from Kapandji, 
2007) 
Overall, most of the muscles were inactive due to the simplicity of the activities and 
due to the exclusion of all external loads. It is worth mentioning that the triceps medial 
and lateral head were the most active muscles during the “extreme scapula motion” 
with a maximum activation of 45%; this results from their role as extensors for the 
elbow joint. It is worth mentioning that the intrasubject and intersubject SD values 
were high. This can be explained by looking the SD values in the kinematic data 
(Appendix E.2). For higher SDs in kinematic data the higher is expected to be the SD 
values in muscle forces. As it can be seen in the kinematics the SD values are really 
high; this can be due to different motion paths and speeds that each subject followed 
between trials. 
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7.4.3 Limitations 
Despite the sensible results that were found in this study and their similarities to the 
literature results, there are a number of limitations that need to be considered. These 
are associated with the modelling as well as the experimental procedure and the 
measurements that were used in this study.  Except for the musculoskeletal modelling 
limitations, which were mentioned in Section 2.5, there are a few more limitations 
concerning the NSM. Primarily, the models don’t include measurements of subject-
specific scapular and clavicular kinematics. Another limitation considers the subject-
specific model geometry and morphology; the model scales homogeneously to 
individuals without taking into account subject-specific bony and muscular geometry. 
Finally, the model which was used in this study didn’t take into account any ligament 
forces as well as hand and wrist kinematics and dynamics measurements.  
Concerning the measurement limitations, the need for a broader group of subjects is 
essential. Another limitation is skin movement relative to the underlying skeleton; 
markers that are attached to body landmarks can move during the capture of the task 
disrupting the input data.  In addition, external loads are not taken into account 
resulting in unrealistic conditions. Finally, the unrestricted motion path of each task is 
one main reason that leads to uncertainties in kinematics and therefore to the muscle 
forces and activation between each different subject and trial. 
7.5 Conclusion 
In this study, VICON capture system was used for capturing the motion of five 
functional daily activities: “drinking from glass”, “extreme scapula motion”, “pick & 
place”, “pull” and “push”. Then, the data is used as input into the NSM for the 
prediction of the joint forces, muscle activation and muscle forces during these five 
activities. The resulting values of the joint forces were found to be sensible in 
comparison with the results of the literature. The “extreme scapula motion” was 
found to be the most difficult unloaded task after the slow forward flexion, while the 
“pick & place” task was the least difficult. In addition, the stability of the GH joint 
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during the tasks was analysed showing that there is not a high risk of instability during 
the tasks. 
Muscle activation and muscle forces were presented and analysed. The middle deltoid 
was found to be the most active muscle followed by the infraspinatus and 
supraspinatus, with the first one generating the largest forces during the tasks.  
Finally, significant differences were presented and explained. The high intrasubject SD 
values that were found in this study are caused by the fact that the subjects were 
instructed to perform the activity freely without restriction of their motion. Taking into 
account the high SDs, as well as the limitation of the unrealistic loading conditions of 
this study, another study was designed and conducted in order to identify the upper 
limb functionality at different conditions. The activity was designed in a way in order 
to be realistic and at the same time to have a restricted motion path leading to 
realistic results; these related to pathological parameters, while they can be used as a 
key consideration rehabilitating the shoulder after surgery, improving clinical 
assessment or preventing specific upper limb injuries. 
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CHAPTER 8: DRIVING SIMULATOR AND MUSCLE FORCES DURING STEERING 
DRIVING SIMULATOR AND MUSCLE FORCES 
DURING STEERING  
In the previous chapter, five functional tasks that were related to activities of daily 
living were analysed and discussed. Two limitations of that study were the unrealistic 
activity conditions (external loads were excluded) and the unrestricted motion path of 
each activity. This chapter identifies another important daily functional activity and 
addresses the previous study’s limitations. More specifically, it considers the 
modification of a realistic driving simulation and its use in combination with the NSM 
for quantifying the functionality of the upper limb similarly to the previous study. 
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Presented at the 18
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 Congress of the European Society of Biomechanics (ESB) 2012 (Lisbon) as: “Muscle 
force during a steering response driving task”  
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8.1 Introduction 
This study consists of two phases. The aim is to use a n activity of the upper limb, 
which has a restricted motion path, able to be performed freely by subjects. The first 
phase is the design of the protocol and any necessary tools. Finally, the second phase 
is the use of this activity for the quantification of the functionality of the upper arm 
and the correlation between this and the pathology. The task that was chosen is 
steering during driving activity activity.   
8.1.1 The value of the chosen activity 
Except for the suitability of the task to the requirements of this study (realistic daily 
activity with restricted motion path), the driving task is very important activity for the 
majority of people. Driving is a common daily task (about 60% of the European 
population has a driving licence) with high risks (fatal or injury) for the driver but also 
for other road users in case of an accident (Section 2.4.1). The major driving task that 
requires the upper limb musculoskeletal function is steering. A greater understanding 
of the biomechanics can lead to a clearer understanding of how the muscles are 
activated and loaded. This could also be used to investigate avoidance of the upper 
limb injuries as well as to optimise techniques that improve this task and enable it to 
be performed without potential injuries. 
 Injury to the upper limb is common, due to the repetitive activity or overuse (chronic), 
and trauma (acute). Whilst recovering from an upper limb injury or surgery, the 
patients are often concerned about returning to driving. Indeed, there are no well 
defined stages in rehabilitation or time-points to guide safe performance of this 
everyday activity; the use of electromyography  was one of the first methods that was 
used for defining the function of the upper limb during this task (Solveig and Johnsson, 
1975). Nowadays, more accurate and less time consuming instruments can be used in 
order to define musculoskeletal function. This work describes the development of a 
tool for the assessment of the driving task performance.  
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8.1.2 Initial simulator design 
The initial design of the simulator was done by Haynes (2005) and Banerjee (2010). 
The simulator consists of two parts: the mechanical hardware and the software 
system. The mechanical driver replicates the steering arrangement of a motor vehicle. 
The resistance that the wheel provides on the steering motion is equal to a torque of 
4Nm; according to Li and Xia (2012), this is related to cars with power and non-power 
assisted steering at low speeds (≈12mph) and high speeds (≈24mph), respectively 
(considering lateral acceleration of 0.1g and driving in city traffic). The software is able 
to measure the position of the wheel at any time as well as to turn it to the initial 
position after a turn. Also, the system displays on the screen a turn cue to the user, 
while at the same time allowing the user to control the device in order to set the 
centre position. It is worth mentioning that the software is also able to measure the 
reaction time to turn the wheel. In this study, only the mechanical hardware of the 
simulator was modified (Figure 8-1). 
8.1.3 Driving simulator modifications 
For the purpose of this study, two main modifications were required to the hardware 
system of the driving simulator. Firstly, the wheel was modified to be comfortable and 
suitable for each subject as judged by comments from the subjects themselves and 
secondly a modification was made to measure the external forces and force direction. 
As the hands are independently actuated, and not necessarily applying equal force to 
the wheel, the decision was made to measure force at each hand separately. The first 
modification involved the design of two adjustable handles. The handles are able to 
move outside and inside in the direction of the centre of the wheel creating a bigger or 
smaller wheel radius (Figure 8-1).   
182 
 
Figure 8- 1: Driving simulator’s modified part – adjustable handles 
The external forces are measured by eight TML (FLA-5-23) strain gauges (Tokyo Sokki 
Kenkyujo Co. LTD, Tokyo) four at each handle. A strain gauge is the element that 
senses the change in length and converts it into an electrical signal. The system uses a 
full Wheatstone bridge configuration with a bending strain gauge arrangement (Figure 
8-2). Specifically, the set-up works by tracing the changes in voltages (VOUT); if all  
gauges have the same strain (positive or negative), then the VOUT will remain 
unchanged.  
 
Figure 8- 2: Strain gauges- full Wheatstone bridge configuration 
A micro analogue 2 (FE-366-TA) amplifier (Flyde Electronic Laboratories LTD, Preston) 
was used for the communication between the strange gauges and the VICON capture 
system. The output was given by VICON in voltage. In addition, 4 markers were placed 
on the handles (two on each handle: one on the top and one at the bottom) to define 
the force directions. The system was calibrated by hanging weights at the handle 
position and then a MATLAB code was written (Appendix F.1) to convert voltage to 
Newtons and generate the vector forces, which are the fed as external loadings into 
the UK National Shoulder Model (NSM). The NSM was modified for the purpose of this 
study in a way to include the external force vector at the centre of mass of the hand. 
The external force vector was described in the wrist coordinate frame. The final stage 
of the modified steering wheel is shown in Figure 8-3, while more detailed drawings 
are found in Appendix F.2. 
183 
 
 
Figure 8- 3: Modified driving wheel simulator (bottom) and 3D SolidWorks model (top right) 
8.2 Methods 
8.2.1 Driving activity experimental procedure 
The protocol used a driving simulator that consists of an instrumented wheel with a 
LABVIEW user-interface (Banerjee, 2010). This interface instructs the subject to turn 
left or right (Figure 8-4). The wheel must be turned 65 degrees to complete the task.  
According to Banerjee (2010), steering clear of an obstacle in emergency situations can 
be sufficiently achieved by turning the steering wheel between 60o and 90o. The 
Markers Position 
Strain Gauges 
Force Vector 
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contact forces and therefore the muscle forces during steering depend on the required 
torque.  
 
Figure 8- 4: LABVIEW user-interface 
The wheel was able to measure the external forces applied by the subject whilst 
performing the task. Eight subjects (Caucasian, mean age 25±4, mean height 178 ±10 
cm, mean body mass 71 ±12 kg), were sitting in a comfortable driving position and 
performed the driving task 12 times (randomised 6 left and 6 right) at two different 
speeds: normal and maximum speed. For fast driving, two more positions were taken 
into account; close and distant to the wheel, as well as driving with one or both hands. 
VICON motion capture system was used to capture the 3-D motion (Figure 8-5) and 
contact forces in the hand were measured. This study uses the same procedure for 
capturing the motion with the one that was used in the previous study (Section 7.2.2). 
Due to the fact that the driving task is a fast activity, a higher acquisition rate than that 
used in the previous study (Section 7) was required. A rate of 200Hz was selected. 
Then, the motion data and the external vector forces as well as the subject-specific 
data were input into the modified NSM, which was used to model upper limb muscle 
forces in the right shoulder. The NSM was modified in order to implement the external 
contact forces during steering. The start of the motion was defined according to the 
external forces that were applied on the wheel and the end point was defined 
according to the vectors on the wheel (turning the wheel 65o degrees). The whole 
RELEASE STEERING WHEEL 
GRIP STEERING WHEEL 
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experimental procedure is illustrated in Figure 8-6. Research ethics committee’s 
approval was granted and an informed consent was obtained from the subjects. 
 
 
Figure 8- 5: 3D motion model, Voltage/Forces output and actual subject at three driving 
positions; a) comfortable, b) distant to the wheel, c) close to the wheel 
a
) 
b
) 
c
) 
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Figure 8- 6: Experimental procedure 
8.2.2 Data processing 
In this study, the data was processed and analysed similarly to the previous study 
(Chapter 7). Specifically, joint forces, muscle forces as well as muscle activation 
(maximum predicted muscle force divided by the maximum actual force) that were 
generated during the motion were predicted via the NSM. The external loadings that 
were applied to the wheel were calculated by the MATLAB code described previously. 
Specifically, 20 muscles were considered and presented; then, the most active and 
therefore the most important muscles were analysed further. Further details about 
the prediction of muscle activation are found in Section 7.2.4. 
Initially, the study focuses on the “driving task” for steering at fast speed. This allows a 
better understanding of the importance of the activity as well as comparing it to the 
literature. Next, the analysis of the task considering different speeds and driving 
positions leads to further discussion as well as to potential improvement of the activity 
itself and of the tools that are used for its performance. In addition, this study presents 
both the muscle activation and glenohumeral joint forces during driving with and 
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without any external loading at fast speed; this is used as a way of justification of the 
importance of external loadings on daily activities or any other functional task. 
8.3 Results 
8.3.1 Steering at fast speed with or without external loading 
The average external load that acts on the right hand during steering right or left at 
fast speed (in a comfortable position) is represented by Figure 8-7. A positive value 
indicates the superior direction. The absolute mean and maximum force for turning 
right was 19.91 ±2.47 N and 27.31 ±4.54 N respectively, while for turning left was 8.98 
±2.86 N and 14.02 ±4.54 N respectively. 
 
Figure 8- 7: Mean external loading on the right hand and intersubject values of SD 
(represented by gray colour) during steering right and left in a comfortable driving position. 
The mean values of glenohumeral (GH) joint forces during the driving activity (both for 
steering right and left) with and without external loadings (hand load) are presented in 
Figure 8-8 and 8-9. These values provide evidence of the importance of including the 
external loading for the activities. In addition, glenohumeral joint forces allow the 
comparison of the results of this study with the results of other studies in literature, 
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such as in vivo glenohumeral contact forces. The forces in this study were represented 
as a percentage of the total body weight (BW). 
For turning right, it was found that the maximum glenohumeral joint force with and 
without the external load on the hand was 61.10 ±7.75 % BW (≈ 419.63 N) and 28.64 
±2.55 % BW (≈ 196.67 N) respectively. It can be seen that the external load in this 
specific task of this study can double the GH joint forces (Figure 8-8). 
 
Figure 8- 8: Mean GH joint forces and mean intersubject values of SD (represented by gray 
colour) during steering right in a comfortable driving position, with and without external 
loading on the right hand. The dot marker on the y-axis indicates the average GH Joint forces 
as it was found in the Westerhoff et. al. (2011) study.  
For turning left, the maximum glenohumeral joint force with and without the external 
load on the hand was 39.42 ±6.01 % BW (≈ 270.00 N) and 34.99 ±4.19 % BW (≈ 240.37 
N) respectively. It can be seen that the external load in this specific task of this study 
increased the GH joint forces nearly two times more than when the forces was 
excluded (Figure 8-9). 
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Figure 8- 9: Mean GH joint forces and mean intersubject values of SD (represented by gray 
colour) during steering left in a comfortable driving position with and without external loading 
on the right hand. 
8.3.2 Muscle activation and forces during steering at fast speed  
This section presents the muscle activation during steering right and left at fast speed 
with or without external loadings on the hand. This section enables the focus on the 
task (turning right or left) and on the condition (with or without external loading) that 
leads to the calculation of the highest muscle activation.   
The mean values of the maximum muscle activation of all 8 subjects are shown in 
Figure 8-10. In general, the “turning right” task with the external loadings, gives the 
highest muscle activation for most of muscles. The largest maximum muscle activation 
was about 55 ±3 % for one of the rotator cuff muscles, supraspinatus. The second 
most active muscle is the deltoid medial head with a 45 ±3 % maximum activation. 
Also, Infraspinatus was a very active muscle during the “right steering” task with a 27 
±2 % maximum activation. Biceps long head, triceps medial and lateral head have a 
similar level of maximum muscle activation reaching 16 ±1 %. Finally, the superior and 
middle part of trapezius present higher activation than the inferior part and the middle 
part presents slightly higher activation than the superior part; the maximum muscle 
activation for the trapezius medial fibres was about 18 ±1 %. 
10 
20 
30 
40 
50 
60 
70 
80 
0 10 20 30 40 50 60 70 80 90 100 
Fo
rc
e
 (
%
 B
W
) 
Percentage of motion (%) 
GH Joint 
GH Joint_ No ext. load 
190 
 
Figure 8- 10: Mean values (± intersubject SD) of the maximum muscle activation during 
steering right and left, with and without external loadings on the hand 
Figure 8-11 and 8-12 illustrate the mean values of the muscle forces of all 8 subjects 
for the most active muscles during the whole motion of right steering with and 
without external loadings. It can be seen that all muscle forces are flatter when the 
external loading is excluded. Infraspinatus generated the highest force at the 
beginning of the motion (≈160 N), while supraspinatus was highest at the midpoint of 
the motion (≈162 N). It is worth mentioning that the intersubject standard deviations 
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(SDs) are not shown as error bars in the figures for clarity of presentation but the 
mean SD values are shown in each graph’s legend. 
 
Figure 8- 11: Mean values of muscle forces of the subjects during the “steering right” task with 
external loading. The mean intersubject SD values are not shown as error bars for clarity of 
presentation. 
 
Figure 8- 12: Mean values of muscle forces of the subjects during the “steering right” task 
without external loading. The mean intersubject SD values are not shown as error bars for 
clarity of presentation. 
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Figures 8-13 and 8-14 illustrate the mean values of the muscle forces of all 8 subjects 
for the most active muscles during the whole motion of left steering with and without 
external loadings.  
 
Figure 8- 13: Mean values of muscle forces of the subjects during the “steering left” task with 
external loading. The mean intersubject SD values are not shown as error bars for clarity of 
presentation. 
 
Figure 8- 14: Mean values of muscle forces of the subjects during the “steering left” task 
without external loading. The mean intersubject SD values are not shown as error bars for 
clarity of presentation. 
0 
20 
40 
60 
80 
100 
120 
140 
0 10 20 30 40 50 60 70 80 90 100 
M
u
sc
le
 f
o
rc
e
 (
N
) 
Percentage of motion (%) 
Trap. S (±23.1 N) TRI.med (±3.5 N) Delt.M (±4.0 N)  
SS (±4.1 N) IS (±5.9 N) BIC.L (±4.0 N) 
0 
20 
40 
60 
80 
100 
120 
140 
0 20 40 60 80 100 
M
u
sc
le
 f
o
rc
e
 (
N
) 
Percentage of motion (%) 
Trap. S (±8.3 N) TRI.med (±8.4 N) Delt.M (±10.7 N)  
SS (±11.4 N) IS (±15.8 N) BIC.L (±7.4 N) 
193 
For steering left, it can be noticed that there is a different muscle force pattern when 
the load is included or excluded. This results from the change of the vector force 
direction during the motion. In these scenarios, infraspinatus generated the highest 
force at the beginning of the motion (≈95 N) and at the end of the motion (≈123 N), for 
both when the external load was included and excluded.   
Considering the results that were found in this study, steering right (when the external 
loading on the hand is included) generates more load than steering left. Hence, a more 
detailed analysis regarding the same task but in different driving positions is presented 
in the next section. 
8.3.3 Muscle activation and forces during steering right in different driving 
positions 
This section presents the muscle activation during steering right at fast speed 
considering different driving positions (Figure 8-15). This section enables the 
understanding of the importance of driving position and the focus on specific muscles 
as well as on possible improvements of driving performance.  
Analysing Figure 8-15, the highest muscle activation (about 71 ±3 %) can be seen in the 
distant to the wheel position and is presented by the deltoid medial head. Driving 
close to the wheel reduces the muscle forces and therefore the muscle activation. The 
largest difference between the two different driving positions is noticed in the deltoid 
medial head. Also, regarding the maximum muscle activation during driving with one 
hand, it presents quite similar values to the values of comfortable position. 
Supraspinatus had about the same muscle activation during all driving positions except 
for the position of sitting close to the wheel that presents less than 38 ±1 % of 
maximum muscle activation. Infraspinatus presented higher maximum muscle 
activation (37 ±2 %) in the distant to the wheel position than in the other driving 
positions. Finally, triceps lateral and medial head presented similar maximum muscle 
activation considering all positions, with the close to the wheel position having the 
lowest value (3 ±1%) and the distant to the wheel position the highest value (17 ±2%). 
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Figure 8- 15: Mean values (± intersubject SD) of the maximum muscle activation during 
steering right in different driving positions including external loading on the hand 
Next, the six most active muscles during right steering in the four different driving 
positions are presented. This facilitates the understanding of each muscle’s role during 
the motion. It is worth mentioning that the intersubject standard deviations (SDs) are 
not shown as error bars in the figures for clarity of presentation but the mean SD 
values are shown in each graph’s legend. Figure 8-16 shows the forces (N) of the 
trapezius medial head muscle for the different driving positions during the whole 
motion (turning the wheel from 0o to 65 o degrees). The muscle forces are quite flat 
during the motion for all driving positions except for driving with one hand. The 
maximum force that the trapezius medial head generated was about 101 ±22 N at 60-
65% of the motion. 
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Figure 8- 16: Mean values of the trapezius medial head muscle forces for the four different 
driving positions. The mean intersubject SD values are not shown as error bars for clarity of 
presentation. 
Figure 8-17 presents the forces (N) of the triceps medial head muscle for the different 
driving positions during the whole motion (turning the wheel from 0 o to 65 o degrees). 
The muscle generated the highest forces at the midpoint of the motion, with the 
highest force having a value of about 79 ±4 N (in the distant to the wheel position). 
Finally, the muscle generated similar forces during the motion in all driving positions 
except for the “close to the wheel” position. 
 
Figure 8- 17: Mean values of the triceps medial head muscle forces for the four different 
driving positions. The mean intersubject SD values are not shown as error bars for clarity of 
presentation. 
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Figure 8-18 presents the forces (N) of the deltoid medial head muscle for the different 
driving positions during the whole motion. It is noticed that deltoid medial head 
muscle generated the highest forces (with a maximum value of 162 ±4 N) during the 
whole motion in the distant to the wheel driving position. It is notable that in the close 
to the wheel position the muscle didn’t generate any force after the 60% of the 
motion. 
 
Figure 8- 18: Mean values of the deltoid medial head muscle forces for the four different 
driving positions. The mean intersubject SD values are not shown as error bars for clarity of 
presentation. 
Figure 8-19 presents the forces (N) of the supraspinatus muscle for the different 
driving positions during the whole motion. It can be seen that the muscle generated 
the highest forces at the midpoint of the motion, with a maximum value of about 165 
±6 N. It is worth mentioning that the force that was generated by the muscle regarding 
the close to the wheel position was equal to 111 ±3 N, which was the smallest 
maximum force value. Also, it is noticed that the muscle didn’t initiate the motion but 
it generated the highest forces at the point that the external loadings increased. 
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Figure 8- 19: Mean values of the supraspinatus muscle forces for the four different driving 
positions. The mean intersubject SD values are not shown as error bars for clarity of 
presentation. 
Figure 8-20 presents the forces (N) of the infraspinatus muscle for the different driving 
positions during the whole motion. Again, it can be seen that during driving in a distant 
to the wheel position, the muscle generated the highest forces during the whole 
motion (with a maximum value of 222 ±7 N) than during driving in a close to the wheel 
position (with a maximum value of 91 ±3 N). The forces were higher at the start of the 
motion than at the end.  
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Figure 8- 20: Mean values of the infraspinatus muscle forces for the four different driving 
positions. The mean intersubject SD values are not shown as error bars for clarity of 
presentation. 
Figure 8-21 presents the forces (N) of the biceps long head muscle for the different 
driving positions during the whole motion. Similarly to the trapezius and triceps medial 
heads, the biceps muscle force pattern was quite flat regarding all different positions 
except for the distant to the wheel position, where the muscle generated higher forces 
after the 60 % of the motion, reaching a maximum value of 100 ±3 N.  
 
Figure 8- 21: Mean values of the biceps long head muscle forces for the four different driving 
positions. The mean intersubject SD values are not shown as error bars for clarity of 
presentation. 
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8.3.4 GH joint stability during right steering in different driving positions 
The stability of the GH joint is related to the direction of the reaction force that is 
exerted on the joint (Section 7.3.2); for this reason the GH joint force locus was 
defined and presented in Figure 8-22.  
It is noticed that the joint is in a position of stability due to the fact that none of the 
GH forces’ loci passes through a point that is close to the edge of the glenoid 
articulating surface. In addition to the fact that the joint is stable, it is worth 
mentioning that the paths of the forces’ action on the glenoid are more concentrated 
when the arm is extended (distant to the wheel position) than when the arm is flexed 
(close to the wheel position). 
 
 
Figure 8- 22: Average GH joint force’s locus in a plane parallel to the glenoid ellipse for all 
subjects during fast right steering in different driving positions: a) comfortable, b) using one 
hand, c) distant to the wheel, d) close to the wheel 
(a) (b) 
(c) (d) 
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8.4 Discussion 
This study quantifies loading in an important daily activity (driving) and the muscle 
forces that are generated during this activity are calculated by the NSM. Initially, it was 
proved that external loading can have important effects on the modelling outputs; it 
was found that different direction and values can change the results. Then, i the 
difference between steering right and left was identified. It was found that when the 
subject was steering right, he generated larger joint forces in the right arm than when 
steering left. The maximum joint forces for turning right and left were 61.10 ±7.75 % 
and 39.42 ±6.01 % respectively. 
Westerhoff et. al. (2011) measured joint forces in vivo during steering with both hands 
using telemeterised shoulder implants from four patients. The protocol of that study 
uses an adjusted driving wheel with 7 Nm torque resistance. The subjects were sitting 
in a comfortable/preferable position and were instructed to turn the wheel 90 degrees 
right and move it back and then 90 degrees left and move it back at normal speed. 
They found a large inter-individual variation of joint forces, which lie between 40.5% 
and 89.2% BW (average 74 ±7 %BW) during steering with both hands. In addition, 
Westerhoff et. al. (2011) considered driving with one hand, but the results are based 
on one subject and one trial.  
Overall, the values of the joint forces that were found in this study seem reasonable; 
the differences between the results of this study and the literature could be explained 
by the different speed at which the task was performed, the different torque 
resistance of the wheel, the degrees that the wheel was turned and/or the different 
subject-specific body segment parameters that were used. Also, the fact that all the 
subjects that participated in the Westerhoff’s et. al. (2011) study, are patients with 
osteoarthritis of the shoulder and joint replacement arthroplasty needs to be taken 
into account. 
The muscles of the shoulder are high related to the steering torque (Pick and Cole, 
2006). Therefore, by increasing the steering torque the muscle activation and muscle 
forces increase. In addition, steering is a complex movement of the upper limb that 
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includes motions around shoulder, elbow and wrist joints. Hence, the muscles that 
were investigated in this study were restricted to the shoulder muscles, which relate 
mostly to the motion around the shoulder joint. The most active and therefore most 
important muscles during steering were the deltoid medial head, infraspinatus and 
supraspinatus muscles. 
Regarding joint stability, the criterion for the stability of the glenohumeral joint is that 
the GH contact force should not pass outside the glenoid. If It was outside the rim of 
the glenoid, then the passive stabilisers would have to provide a restraint (Charlton, 
2004). According to this, it was found that the joint was stable. At the same time, it 
was found in the literature that if anteriorly directed forces increase, the stability of 
the glenohumeral joint will decrease (Labriola et al., 2005). Therefore, according to the 
results of this study, when the subject is driving in a close to the wheel position or is 
using one hand, the stability of the glenohumeral joint decreases. In contrast to this, 
the stability of GH joint increases, when the subject is driving distant to the wheel. 
Finally, it is worth mentioning that the values of SD that were found in this study are 
lower than those that were found in the previous study (Section 7.3). Therefore, this 
shows higher repeatability. One important factor that is hypothesised to increase the 
repeatability is the restricted motion path of the driving activity. 
8.4.1 Limitations and improvements 
One important limitation and recommended future improvement of this study is the 
fact that the external loadings don’t include any shear and torsion forces. The strain 
gauges are able to determine only axial loads due to their bending set-up. In order to 
include shear and torsion forces, another modification needs to be made. The 
modification requires an extra four strain gauges at the two sides (thickness) of the 
handle beams, namely, two strain gauges at each side (Figure 8-23). Unfortunately, the 
thickness (sides) of each handle beam is too small to place two strain gauges; the 
increase of the thickness causes the sensitivity of axial forces’ calculation to decrease. 
For this study, it was assumed that axial forces are more important than shear forces 
and therefore, a sensitive bending set-up was chosen. 
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Figure 8- 23: Shear & torsion strain gauges set-up (red colour) in the current handles 
Similarly to the studies in the previous sections, the same model limitations need to be 
taken into account (Section 2.4.3 and 7.5). Another limitation is the skin movement 
that is related to the underlying skeleton; markers that are attached to body 
landmarks can move during the capture of the task disrupting the input data. In 
addition, a larger group of different subjects (age, race and body dimensions etc) could 
give a wider understanding of the dependence of the activity on subjects’ differences. 
Also, the use of patients with a shoulder joint implant or the definition of EMG at the 
same time with the motion capture would be a good way of validation. 
Another improvement in this study is the use of the reaction time during steering. In 
this way, the muscle forces can be correlated with the reaction time and lead to a 
better understanding of someone’s ability to drive. In addition, the subjects can be 
more comparable to each other as the reaction speed is known. However, this was not 
the purpose of this study. 
In conclusion, the results of this study could facilitate the improvement of ergonomics 
of cars, such as the driving wheel and car-seats, and could give information about 
return-to-activity recommendations after upper limb surgery to specific muscles.  
8.5 Conclusion 
In this study, a driving simulator and the NSM were modified in order to determine the 
functionality of the upper limb during the driving activity. Initially, the significance of 
external loadings in modeling analysis was clarified. The quantified joint forces and 
muscle forces can be more than doubled when the external forces are included.  
Thickness 
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In addition, four different driving positions were taken into account for steering right 
at fast speed. To summarise, the maximum forces of the deltoid of the right arm were 
seen at the medial head (162 N) for driving in a distant to the wheel position. 
Infraspinatus generated the highest force (222 N), whilst supraspinatus loading was 
similar for all driving positions except for steering close to the wheel; the maximum 
force was (165N). The peak external force that the right hand applied to the wheel, 
when the subject turned right during fast driving in a comfortable position, was 27N. 
The glenohumeral contact force at that time was approximately 61.10 % BW (≈ 419.63 
N). 
Finally, the glenohumeral joint was found to be stable during steering in any driving 
position. However, steering in a close to the wheel position and using one hand during 
driving caused higher instability than the other two driving positions (steering close to 
the wheel and using both hands). 
  
204 
CHAPTER 9: CONCLUSION AND FUTURE WORK 
CONCLUSION AND FUTURE WORK 
This chapter summarises the findings of the thesis and discusses them in terms of 
relevant shoulder pathologies. Finally recommendations for future work are made, 
including a discussion on possible improvements as well as the potential further uses 
of this work. 
  
205 
9.1 Summary 
Two main parts were considered in this thesis. The first part focused on 
anthropometrics and the second part on the functionality of the shoulder, and 
especially on the muscle forces during functional activities.  
In the first part, four main studies were conducted: 
 A regression equation data set for the definition of the Body Segment 
Parameters (BSPs) was modified; age was added to Shan’s and Bohn’s (2003) 
regression data set. The modified equation showed only a small improvement 
in the results.  This may result from the fact that the mean subjects’ age that 
was used in this study was similar to the one that was used in Shan’s and 
Bohn’s (2003) study and thus a significant improvement was not expected. 
 Two geometrical modelling approaches were used for the calculation of BSPs of 
ten subjects; the approaches were used for representing the hand as two 
different states (open and closed) as well as for comparing different shape 
representations of the forearm and upper arm. In conclusion, it was found that 
there is not a single best method regarding the body segment parameters of 
any of the upper limb segments (hand, forearm, upper arm), however, when 
the results were compared with a direct measurement technique (laser 
scanner method), it was found that both methods gives more accurate results 
than any regression equation method used in this study. 
 A novel surface scanning technique for measuring BSPs was introduced and a 
3D laser surface scanner was designed; the scanner was validated by using a 
human sized mannequin as well as a standard sized object. The maximum error 
was 2.2% and 3.1% concerning the moment of inertia and the volume, 
respectively. 
 Finally, seven BSP models were evaluated using the surface scanning technique 
as a gold standard method. The most important BSP uncertainties on 
musculoskeletal modelling were identified.  
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Overall, the results showed that different models for the BSP lead to different BSP 
results. In addition, joint moments can be largely affected when the 
anthropometric inputs are estimated by different models. However, the 
identification of the best BSP method remains controversial. A sensitivity analysis 
identifying the sensitivity of the models to different BSPs could lead to a different 
conclusion. This point was addressed in Section 6.6. 
In order to compute muscle forces in the second part of this study, the model was 
modified to include the new anthropometrics. The UKNSM model uses 
anthropometrics such as segmental length, mass and moment of inertia as input 
data for calculating the inter-segmental moments and forces and therefore the 
muscle forces. Anthropometric parameters in the musculoskeletal model play an 
important role in inverse dynamics which is a primary input for calculating the 
muscle forces. In this study, it was found that the joint moments can be affected to 
a large amount when anthropometric inputs are estimated from different methods 
(maximum difference 172% between the direct measurement and the regression 
equation). For the purpose of this study, the way that the original model calculated 
the BSPs was modified. Specifically, three methods (regression equation, 
geometrical modelling and direct measurement) were implemented in the model. 
In the modified model the user has the option to choose the preferred method 
according to preference. A second modification allowed inclusion of an external 
force vector in the model. Both changes have a significant impact on the model 
and the biomechanics field in general; making the model and its output 
significantly more subject-specific.  
Two main studies were conducted for the second part, these include: 
 A musculoskeletal model of the upper limb, namely the UK National Shoulder 
Model (NSM), was modified and used for defining the joint forces, muscle 
activation and muscle forces during five daily activities. In this study, it was 
found that the deltoid, supraspinatus and infraspinatus are the most active 
muscles (deltoid; 47%, infraspinatus; 27%, supraspinatus; 25%), while the rest 
of the muscles showed low activation (0-19%) for the five tasks. 
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 The final study introduced a modified driving simulator that is able to measure 
externally applied loads; the simulator was used for defining the muscle forces 
during steering in different driving positions and at different speeds. Muscle 
forces varied according to the driving position. More specifically, it was found 
that a position close to the wheel can reduce significantly the joint and muscle 
forces. The highest muscle forces in the right shoulder when turning right in a 
comfortable driving position were generated by the deltoid (44% of maximum 
muscle activation) and the supraspinatus (55% muscle activation). In addition, 
it was found that steering right generates higher forces than steering left. This 
interesting finding is most likely directly due to the higher external forces that 
are generated for turning right. It is unclear why turning right increases the 
external force, however the hypothesis is that this is due to arm position and 
the lever arm effect. In this chapter it was proven that external forces have 
significant impact on the glenohumeral joint forces (maximum difference 113% 
between steering right with and with external force). 
Overall, the results of these studies seem to be comparable with the results of 
literature. In addition, a number of limitations that are associated with the modelling, 
the experimental procedure and the measurements that were used in this study, need 
to be considered.  
In the next section, the results are further discussed and related to shoulder 
pathologies. 
9.2 Discussion of the results in terms of pathology 
One of the aims of the thesis was to relate study outcomes to key parameters that are 
related to shoulder pathology, both acute and chronic. This study quantified muscle 
activations during key functional tasks for those muscles that are not amenable to 
direct measurement using EMG, for example. It was found that the deltoid, 
infraspinatus and supraspinatus are significantly activated. Initially, it is important to 
mention that the high muscle activation could lead to muscle fatigue or even overload. 
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The results showed that most of activities caused moderate to high activation of the 
supraspinatus, infraspinatus, deltoid and biceps muscles. Moreover, these muscles 
presented nearly two times higher activation than any other muscle of the upper limb; 
therefore, injury to one of these muscles could lead to a dangerous increase of the 
activation and forces on the other muscles due to compensation or might restrict 
specific motion or activities. 
One application of this work is in the alleviation of pain due to osteoarthritis. For 
example specific exercises that strengthen the muscles around the joints have been 
shown to reduce the pain from osteoarthritis (Arthritis Care, 2004). It is conceivable 
that the targeted recruitment of muscles identified through this type of modelling will 
allow targeted pain relief.  
It is notable the fact that supraspinatus and deltoid act together. Therefore, injury of 
one of these muscles may entail that the other one will be unable to compensate for 
the load due its high activation even when both are functioning. This may lead to 
restriction of some important movements as well as to the increase of joint instability.  
From the literature, it was found that the failure strengths for repairs of supraspinatus 
are close to the muscle forces that were predicted in this study. According to Smith et 
al. (2006) and Bilal (2011), estimates of the cumulative annual incidence of rotator cuff 
disorders vary from 7-25% in the general population, while the mean failure strengths 
for single-row repairs and double-row repairs of supraspinatus are 224 ± 148 N and 
325 ± 74 N, respectively. In this study, forces in driving at the distant to the wheel 
position were 222N, which are very close to this failure load.  To conclude, these 
findings may have implications for rehabilitation after a rotator cuff repair as well as 
the time allowed for recovery prior to commencing driving. The results may also point 
to injury mechanisms that are caused by driving. In addition, it was found that the 
supraspinatus initiates the abduction of the arm at the shoulder joint – as previously 
shown in the literature (Standring and Gray, 2008) - and presents high activation 
during most of the tasks. Therefore, these tasks and any other activity similar to these 
could be dangerous for a post-operative rotator cuff repair, having a high risk of 
repairing failure, for example suture failure or tendon rupture. 
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Finally, it was found that by driving close to the wheel reduces the forces generated by 
the supraspinatus muscle (reduction of 34 %) and therefore reduces the risk of rotator 
cuff repair failure but at the same time reduces the joint stability; this shows that 
there is an optimal position that is different for different pathologies. 
9.3 Future work and broader impact 
The studies in this thesis highlighted a number of areas for future work; these are 
summarised below: 
 Chapter 3: Compare the adjusted Shan and Bohn regressions with the actual 
data used by Shan and Bohn (2003). This would validate the improvement of 
the adjusted Shan and Bohn regression. 
 Chapter 4: Increase the sample population from which the results were 
generated in terms of subject variation (age, race, gender, body dimensions 
etc) and number of subjects and then test to see if this significantly reduces the 
residuals associated with the use of various different BSP prediction methods. 
For the regression equations, correlate the centre of mass (CoM) with another 
independent variable such as the segmental length or mass. 
 Chapter 5: Improve the laser validation. There are several validation 
approaches that could improve the laser validation, these include: scanning 
cadaveric limbs or a mannequin’s upper limb with uniform density. In addition, 
by comparing the laser scanner with another imaging technique, for examples 
scanning a subject by using both the laser scanner and MRI, could lead to a 
better validation of using the laser scanner for scanning body segments with 
variable density. The subjects need to be positioned in an uncomfortable 
position during the scanning and therefore this should be addressed. There are 
two potential options: first, the system could be improved by using two or 
three cameras as well as two/three laser devices, thus solving the issue of 
partial occlusion; secondly, changing the orientation of the set up. Considering 
the first option, it will require synchronising all the cameras and the laser with 
the software; this could be achieved with some increase in cost and might 
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improve the quality of the results due to the subjects being able to sit in more 
comfortable positions. Finally, considering the second option, the orientation 
of the setup can be changed to scan horizontally rather than vertically. 
 Chapter 6: Apply a non-uniform density in all BSP models. Conduct a sensitivity 
analysis study that identifies the sensitivity of joint moments to different body 
segment parameters taking into account more tasks and different speeds. 
 Chapter 7: Model improvements include measurements of subject-specific 
scapular and clavicular kinematics, muscle properties and morphology, as well 
as taking into account ligament forces. 
 Chapter 8: Improve the driving simulator force measurement to include shear 
and torsion forces and use the simulator for subjects with instrumented 
implants and surface EMG in order to enhance model validation.  
A further application would be to use the same protocols for measuring the joint and 
muscle forces in more functional activities and other activities of daily living as well as 
sports (tennis, cricket etc). This would allow this technology and approach to be used 
for improving performance as well as preventing and rehabilitating musculoskeletal 
injuries. 
The results in this study could be used clinically as knowledge of muscle forces and 
synergy or synchronisation of these can lead to improvements in rehabilitation. For 
example, it can be seen that the supraspinatus plays important role in steering. Where 
a patient is unable to perform a task similar to steering then the health care 
professional could identify which muscles are important for the specific parts of the 
motion by comparing to any other task. The physiotherapist, by looking at the results 
of different tasks, can then identify any muscle synergies in order to create specific 
training or exercises in order to improve the specific motion. Specifically, for the 
steering right task, the infraspinatus and supraspinatus muscle are highly active and 
follow a similar path of activation synergistically; while, for the extreme scapula 
motion infraspinatus and deltoid are highly active. In case that the patient is able to 
perform the extreme scapula motion but not the steering task then this will 
automatically lead to diagnosis of a possible pathology of supraspinatus.  
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Finally, the work that was presented in this thesis is novel in defining anthropometrics 
using different BSP models as well as in predicting muscle and joint forces during six 
important daily activities. The results and methods of this thesis can be used in several 
ways. These include: 
 Improve ergonomics of tools used during daily activities. 
 Design a low cost surface scanner for scanning humans; the scanner could have 
many applications, for example to design subject-specific artificial limbs and 
devices for people with disabilities. 
 Use the thesis outputs to enhance rehabilitation of the shoulder after surgery, 
as well as in the improvement of clinical assessment or the prevention of 
specific upper limb injuries. 
 Improve the ergonomics of cars, such as the driving wheel and car-seats.  
 Comparing the tasks this study to other tasks or methods.  
In addition, the results are beneficial for the understanding of any injury risk during 
specific activities, such as sudden and fast steering or during normal steering, and of 
the danger that exists during driving a car under specific conditions. Furthermore, the 
results may be used in the reduction of car accidents by stopping people driving when 
they are not fully recovered after surgery or injury on the shoulder; this could be 
tested by using the results of this study for monitoring specific functional tasks that 
leads to similar functionality to this in driving. Finally, the resultant data could be used 
for the improvement of driving position and for the guidance of surgeons, doctors and 
physiotherapists. Namely, the data could indicate if and when someone is able to drive 
after a surgery or a specific musculoskeletal injury and give further recommendations 
about the return-to-activity after the limb surgery. 
In conclusion, upper limb predictive tools such as upper limb musculoskeletal models 
are growing and having more applications day by day. Upper limb models intend to 
reveal the important mechanics of the shoulder under any specific condition. 
Mastering these models could lead to important improvements in many practices. In 
sports, the models could be used for improving athletes training, performance, and 
equipment design. In health care, they could help rehabilitating upper limb function in 
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subjects with absent, damaged or deficient muscles as well as preventing any 
musculoskeletal injury. Finally, in health and safety, these models could help 
improving ergonomics in many tools related to daily or occupational activities. 
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APPENDIX A: Regression Equations 
A.1 Shan & Bohn’s Regression Parameters 
The variables in Table A-1 – A-4 are used in the Equation 3-13 and Table A-5 in 
Equation 3-9 (section 3.2.2). 
 
 
Caucasian-Male 
bo b1 b2 R
2 
Mass (kg) 
Upper arm -0.896 0.0252 0.0051 0.55 
Forearm -0.731 0.0047 0.0084 0.44 
Hand -0.325 -0.0016 0.0051 0.30 
CoM (cm) 
Upper arm (x0.5772) -6.735 0.0053 0.1028 0.68 
Forearm (x0.4574) 0.0616 -0.0121 0.5430 0.63 
Hand (x0.3626) -1.4726 0.0014 0.0521 0.62 
MIT (kgcm
2) 
Upper arm -471 1.85 2.55 0.64 
Forearm -158 -0.0327 1.23 0.56 
Hand -21.3 -0.0284 0.168 0.60 
MIL (kgcm
2) 
Upper arm 26 0.711 -0.309 0.56 
Forearm -11.4 0.0844 0.0708 0.43 
Hand -5.11 -0.0084 0.0467 0.46 
 
Table A- 1: Shan’s & Bohn’s (2003) regression parameters for a Caucasian male 
 
 
Caucasian-Female 
bo b1 b2 R
2 
Mass (kg) 
Upper arm 3.0500 0.0184 -0.0164 0.68 
Forearm -0.4810 0.0087 0.0043 0.56 
Hand -1.1300 0.0031 0.0074 0.59 
CoM (cm) 
Upper arm(x0.5772) 1.1029 -0.0076 0.0660 0.75 
Forearm(x0.4574) -3.6765 0.0212 0.0772 0.73 
Hand(x0.3626) -3.4765 0.0022 0.0632 0.83 
MIT (kgcm
2) 
Upper arm 46.1 1.11 -0.19 0.57 
Forearm -122 0.598 0.714 0.61 
Hand -16.3 0.0409 0.102 0.61 
MIL (kgcm
2) 
Upper arm 69.6 0.384 -0.475 0.72 
Forearm -4.09 0.0841 0.0176 0.54 
Hand -2.27 0.0148 0.0157 0.45 
 
Table A- 2: Shan’s & Bohn’s (2003) regression parameters for a Caucasian female 
214 
 
 
Asian-Male 
bo b1 b2 R
2 
Mass (kg) 
Upper arm 0.8760 0.0375 -0.0099 0.72 
Forearm -0.7390 0.0103 0.0063 0.64 
Hand -0.1200 0.0098 -0.0007 0.64 
CoM (cm) 
Upper arm(x0.5772) -4.4460 -0.0054 0.0945 0.61 
Forearm(x0.4574) -3.2573 -0.0021 0.0838 0.77 
Hand(x0.3626) 4.8688 0.0379 -0.0033 0.52 
MIT (kgcm
2) 
Upper arm -130 2.03 0.54 0.64 
Forearm -138 0.395 0.938 0.68 
Hand -12.1 0.144 0.0487 0.73 
MIL (kgcm
2) 
Upper arm 25 0.809 -0.346 0.74 
Forearm -4.72 0.13 0.0162 0.62 
Hand -3.49 0.0549 0.0115 0.71 
 
Table A- 3: Shan’s & Bohn’s (2003) regression parameters for an Asian male 
 
 
Asian-Female 
bo b1 b2 R
2 
Mass (kg) 
Upper arm 0.2540 0.0265 -0.0033 0.77 
Forearm -0.6250 0.0083 0.0054 0.75 
Hand -0.6050 0.0022 0.0044 0.68 
CoM (cm) 
Upper arm(x0.5772) -4.7700 -0.0459 0.1107 0.58 
Forearm(x0.4574) -1.7149 -0.0122 0.0735 0.45 
Hand(x0.3626) -2.0602 -0.0021 0.0521 0.66 
MIT (kgcm
2) 
Upper arm -88.9 1.04 0.56 0.68 
Forearm -76.5 0.34 0.523 0.80 
Hand -11.5 0.0572 0.0696 0.78 
MIL (kgcm
2) 
Upper arm 8.31 0.483 -0.154 0.84 
Forearm -5.16 0.0946 0.0221 0.74 
Hand -3.37 0.03 0.017 0.87 
 
Table A- 4: Shan’s & Bohn’s (2003) regression parameters for an Asian female 
 
 
Xa Xb 
Mass (kg) 
Upper arm 3.9 -0.017 
Forearm 1.7 -0.002 
 
CoM (cm) 
Upper arm 42.7 0.015 
Forearm 40.0 0.025 
MIT (kgcm
2) 
Upper arm 0.117 -0.0007 
Forearm 0.034 -1.11x10-5 
MIL (kgcm
2) 
Upper arm 0.01879 -0.0001 
Forearm 0.004 -3.98x10-6 
 
Table A- 5: Muri’s et al. (2008) regression parameters 
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APPENDIX B: Geometric Modelling 
B.1 Basic Integral Functions 
The integral functions (Kwon, 1996, Chung et al., 1998), which are shown below, are 
used in concert with the Equation 4-9 – 4-13 (section 4-1). 
Let functions a(t), b(t), c(t) & d(t) be functions of t. 
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B.2 Residual Plots 
The residual plots from the regression analysis found in Section 4.4.4 are shown 
below. 
 
Figure B- 1: Residual plot for CoM of closed hand (Approach A) 
 
Figure B- 2: Residual plot for MIz of closed hand (Approach A) 
 
Figure B- 3: Residual plot for MIx & MIy of closed hand (Approach A) 
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Figure B- 4: Residual plot for mass of open hand (Approach B) 
 
Figure B- 5: Residual plot for CoM of open hand (Approach B) 
 
Figure B- 6: Residual plot for MIz of open hand (Approach B) 
 
Figure B- 7: Residual plot for MIx of open hand (Approach B) 
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Figure B- 8: Residual plot for MIy of open hand (Approach B) 
  
Figure B- 9: Residual plot for mass of forearm (Approach A) 
  
Figure B- 10: Residual plot for CoM of forearm (Approach A) 
  
Figure B- 11: Residual plot for MIz of forearm (Approach A) 
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Figure B- 12: Residual plot for MIx & MIy of forearm (Approach A) 
  
Figure B- 13: Residual plot for mass of forearm (Approach B) 
  
Figure B- 14: Residual plot for CoM of forearm (Approach B) 
  
Figure B- 15: Residual plot for MIz of forearm (Approach B) 
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Figure B- 16: Residual plot for MIx & MIy of forearm (Approach B) 
  
Figure B- 17: Residual plot for mass of upper arm (Approach A) 
  
Figure B- 18: Residual plot for CoM of upper arm (Approach A) 
  
Figure B- 19: Residual plot for MIz of upper arm (Approach A) 
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Figure B- 20: Residual plot for MIx & MIy of upper arm (Approach A) 
  
Figure B- 21: Residual plot for mass of upper arm (Approach B) 
  
Figure B- 22: Residual plot for CoM of upper arm (Approach B) 
  
Figure B- 23: Residual plot for MIz of upper arm (Approach B) 
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Figure B- 24: Residual plot for MIx & MIy of upper arm (Approach B) 
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APPENDIX C: 3D Surface Laser Scanner 
C.1 DAVID software modifications and settings 
The below modifications was used in the “advance_setting.xml” file located in the 
software main folder. 
The first modifications are related to the left and right background plane. For the 
purpose of this study, it was defined that the background plane needs to be rotated 18 
degrees from the default value which is 90 degrees; in this way it can be define an 
angle between the left and right panel equal to 108 degrees. Therefore the both right 
and left planes needs to be rotated 9 degrees (90+9+9). Therefore: 
      <LeftBackgroundPlane> 
        <px value="0" defaultvalue="0" description="Coordinates of a point on the left 
background plane" is_editable="True" type="Double" /> 
        <py value="0" defaultvalue="0" description="Coordinates of a point on the left 
background plane" is_editable="True" type="Double" /> 
        <pz value="0" defaultvalue="0" description="Coordinates of a point on the left 
background plane" is_editable="True" type="Double" /> 
        <nx value="0.9877" defaultvalue="1" description="Normal vector of the left 
background plane" is_editable="True" type="Double" /> 
        <ny value="0" defaultvalue="0" description="Normal vector of the left background 
plane" is_editable="True" type="Double" /> 
        <nz value="0.1564" defaultvalue="0" description="Normal vector of the left 
background plane" is_editable="True" type="Double" /> 
      <RightBackgroundPlane> 
        <px value="0" defaultvalue="0" description="Coordinates of a point on the right 
background plane" is_editable="True" type="Double" /> 
        <py value="0" defaultvalue="0" description="Coordinates of a point on the right 
background plane" is_editable="True" type="Double" /> 
        <pz value="0" defaultvalue="0" description="Coordinates of a point on the right 
background plane" is_editable="True" type="Double" /> 
        <nx value="0.1564" defaultvalue="0" description="Normal vector of the right 
background plane" is_editable="True" type="Double" /> 
        <ny value="0" defaultvalue="0" description="Normal vector of the right 
background plane" is_editable="True" type="Double" /> 
        <nz value="0.9877" defaultvalue="1" description="Normal vector of the right 
background plane" is_editable="True" type="Double" /> 
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Next, the offset of the calibration patterns has to be defined. In this case, they are 
498.5 mm away from the origin and rotated 18° (clockwise and counter clockwise) 
from the normal 90° corner. Therefore: 
 <LeftCalibrationPattern> 
        <offset_x value="0" defaultvalue="0" description="X offset [mm] of the left 
calibration pattern (new 'V3' pattern only)" is_editable="True" type="Double" /> 
        <offset_y value="0" defaultvalue="0" description="Y offset [mm] of the left 
calibration pattern (new 'V3' pattern only)" is_editable="True" type="Double" /> 
        <offset_z value="498.5" defaultvalue="0" description="Z offset [mm] of the left 
calibration pattern (new 'V3' pattern only)" is_editable="True" type="Double"/> 
        <rot_x value="0" defaultvalue="0" description="X rotation angle [deg] of the left 
calibration pattern (new 'V3' pattern only)" is_editable="True" type="Double"/> 
        <rot_y value="-9" defaultvalue="0" description="Y rotation angle [deg] of the left 
calibration pattern (new 'V3' pattern only)" is_editable="True"type="Double" /> 
        <rot_z value="0" defaultvalue="0" description="Z rotation angle [deg] of the left 
calibration pattern (new 'V3' pattern only)" is_editable="True" type="Double"/> 
      <RightCalibrationPattern> 
        <offset_x value="498.5" defaultvalue="0" description="X offset [mm] of the right 
calibration pattern (new 'V3' pattern only)" is_editable="True" type="Double"/> 
        <offset_y value="0" defaultvalue="0" description="Y offset [mm] of the right 
calibration pattern (new 'V3' pattern only)" is_editable="True" type="Double" /> 
        <offset_z value="0" defaultvalue="0" description="Z offset [mm] of the right 
calibration pattern (new 'V3' pattern only)" is_editable="True" type="Double" /> 
        <rot_x value="0" defaultvalue="0" description="X rotation angle [deg] of the right 
calibration pattern (new 'V3' pattern only)" is_editable="True"type="Double" /> 
        <rot_y value="9" defaultvalue="0" description="Y rotation angle [deg] of the right 
calibration pattern (new 'V3' pattern only)" is_editable="True"type="Double" /> 
        <rot_z value="0" defaultvalue="0" description="Z rotation angle [deg] of the right 
calibration pattern (new 'V3' pattern only)" is_editable="True"type="Double" /> 
 
The next changes involve the laser motion estimation. Due to the fact that the study of 
this set up uses a motor-driven, repeatable laser motion, this function analyses it in 
order to allow subsequent scanning without the background planes. These settings are 
helpful for using the mirror set up of this study.  
<LaserMotionEstimation> 
<Enabled value="True" defaultvalue="False" description="for a motor-driven, 
repeatable laser motion. is_editable="True" type="Bool" /> 
<TriangleMeshComputation> 
      <DepthThresholdFactor value="0.025" defaultvalue="0.083" description="Upon 
converting depth image to triangle mesh, will not connect neighbor pixel to a triangle if 
their difference in depth is larger than (this factor * 0.2*visible length of Y axis) - 
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known as 'bad linkage'. This threshold also influences the Average filter." 
is_editable="True" type="Double" /> 
<AllowPointsBehindPlanes value="True" defaultvalue="False" description="If set to 
false, 3d points beyond the background planes will be ignored" is_editable="True" 
type="Bool" /> 
 
Finally, the configuration of the communication between the DAVID and the actuator 
needs to take place. In this case the port name was set to COM3 while the commands 
where used are described below: 
 StartScanning value="S" 
 StopScanning value="T" 
 StartScanningRepetition value="S" 
C.2 Mirror structure and drive actuator drawings 
The next drawings made in Solidwork 2011 and illustrate the original dimensions (in 
mm) of the mirror structure and the linear drive actuator. 
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C.3 Actuator Software- LabView block diagram 
The LabView block diagram shows the way that the DAVID and laser scanner 
communicate. The first loop uses the initial actuator software configuration such as 
laser’s frequency/speed and port name. The second loop used for the user input 
commands such as start and stop the laser. 
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C.4 Prefixed markers for the DAVID 3D calibration panels 
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APPENDIX D: BSPs Method Evaluation 
D.1 Matlab Code for calculating BSPs 
The below code was implemented in NSM for calculating BSPs. It is worth noticing that 
the model requires the Figure D-1 marker set up. 
 
Figure D- 1: Markers position for defining geometrical models parameters (hand: markers are 
placed at extreme left and right of knuckles, forearm: midpoint between wrist and elbow, 
upper arm: midpoint between elbow and acromion) 
 
The mode 1, mode 2, mode 3 and mode 4 use the geometrical modelling, direct 
measurements, the NSM regression and the modified Shan and Bohn regressions 
respectively. 
 
mode=0;%mode 0 uses regressions, mode 1 uses the geometrical modelling 
method, mode 2 uses direct measurements from a text file called BSPs 
open =1; % open 0 is for close hand and 1 for open hand 
 
%% BSPs Geometrical modelling 
if mode == 1; 
trial_name = 'BSPsG'; 
load_file = Path; 
trial_name2 = 'BSPsG.csv';  
chdir (Path) 
cal = exist([trial_name,'.csv'],'file'); 
if cal == 2 
    cd(load_file) 
    %Find the relevant marker name in headings and then import one 
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    %import headings to find marker position in data 
    newData = importdata(trial_name2); 
    headings = newData.textdata(2,1); 
    headings = regexp(headings,'\,','split'); 
    headings = headings{1}; 
    headings = char(headings); 
  
    trial = newData.data(:,2:end); 
     
    %whole body density% 
     
    bodyden = ((0.69+0.9*(H/(M^(1/3)))))*1000; 
    hden = 1.833*bodyden-0.7983*1000; 
    fden = 1.5*bodyden-0.465*1000; 
    uden = bodyden+0.03*1000; 
     
    %Hand 
  
    ind = ((find(headings(:,1)=='H' & headings(:,2)=='C'& 
headings(:,3)=='1'))-1); 
    HC1 = trial(1,(ind:ind+2)); 
    ind = ((find(headings(:,1)=='H' & headings(:,2)=='C'& 
headings(:,3)=='2'))-1); 
    HC2 = trial(1,(ind:ind+2)); 
     
    HD = vecsize(HC1-HC2)-10; 
     
    ind = ((find(headings(:,1)=='R' & headings(:,2)=='S'))-1); 
    RS = trial(1,(ind:ind+2)); 
    ind = ((find(headings(:,1)=='U' & headings(:,2)=='S'))-1); 
    US = trial(1,(ind:ind+2)); 
     
    HCicum = pi*HD/1000; 
    HLeng = vecsize(((US + RS) / 2)-((HC1 + HC2) / 2))/1000; 
     
    abgeom = HCicum/(2*pi); 
    cgeom = HLeng/2; 
     
    hm = 2*pi*hden*abgeom*abgeom*cgeom*2/3; 
    hc = cgeom; 
    hIl = 2*pi*hden*abgeom*abgeom*cgeom*(abgeom^2+abgeom^2)/15; 
    hIa = 2*pi*hden*abgeom*abgeom*cgeom*(abgeom^2+cgeom^2)/15; 
    hIt = 2*pi*hden*abgeom*abgeom*cgeom*(abgeom^2+cgeom^2)/15; 
    hl = H * (0.1879 / 1.741); 
     
   if open==1; 
         
    hm = hm+M*(-0.0009666)+0.041459; 
    hc = hc+M*(0.000122)+0.033265;  
    hIl = hIl+M*(0.000001)-0.000086; 
    hIa = hIa+M*(0.000029)-0.000732; 
    hIt = hIt+M*(0.00002)-0.0004; 
    end 
     
     
    %Forearm 
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    ind = ((find(headings(:,1)=='F' & headings(:,2)=='C'& 
headings(:,3)=='1'))-1); 
    FC1 = trial(1,(ind:ind+2)); 
    ind = ((find(headings(:,1)=='F' & headings(:,2)=='C'& 
headings(:,3)=='2'))-1); 
    FC2 = trial(1,(ind:ind+2)); 
  
  
    FD = vecsize(FC1-FC2)-30; 
    
    FCicum = pi*FD/1000; 
    FLeng = fal; 
     
    %parameters 
    F20ab = (FCicum/(2*pi))^2; 
    F40aaab = (FCicum/(2*pi))^4; 
    F40bbba = (FCicum/(2*pi))^4; 
    G20ab = F20ab; 
    G21ab = F20ab/2; 
    G22ab = F20ab/3; 
    G40aaab = F40aaab; 
    G40abbb = F40bbba; 
    %%%%%%%%%%%%%%%%%%%%%% 
         
    fam1 = pi*fden*FLeng*G20ab; 
    fac1 = (G21ab/G20ab)*FLeng; 
    faIl1 = ((pi/4)*FLeng*fden*(G40aaab+G40abbb)); 
    faIt1 = ((pi/4)*FLeng*fden*G40abbb)+((pi/4)*(FLeng^3)*fden*G22ab); 
    faIa1 = ((pi/4)*FLeng*fden*G40aaab)+((pi/4)*(FLeng^3)*fden*G22ab); 
         
    %from cilynder to trunicate cone 
     
    fam = fam1+M*(-0.003622)+0.212767; 
    fac = fac1+M*(-0.000067)-0.016489;  
    faIl = faIl1+M*(-0.000003)+0.000243; 
    faIt = faIt1+M*(-0.000047)+0.001478; 
    faIa = faIa1+M*(-0.000047)+0.001478; 
   
    %Upper Arm 
     
    ind = ((find(headings(:,1)=='U' & headings(:,2)=='C'& 
headings(:,3)=='1'))-1); 
    UC1 = trial(1,(ind:ind+2)); 
    ind = ((find(headings(:,1)=='U' & headings(:,2)=='C'& 
headings(:,3)=='2'))-1); 
    UC2 = trial(1,(ind:ind+2)); 
  
  
    UD = vecsize(UC1-UC2)-25; 
    
    UCicum = pi*UD/1000; 
    ULeng = ual; 
     
    %parameters 
    F20ab = (UCicum/(2*pi))^2; 
    F40aaab = (UCicum/(2*pi))^4; 
    F40bbba = (UCicum/(2*pi))^4; 
    G20ab = F20ab; 
    G21ab = F20ab/2; 
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    G22ab = F20ab/3; 
    G40aaab = F40aaab; 
    G40abbb = F40bbba; 
    %%%%%%%%%%%%%%%%%%%% 
         
    uam1 = pi*uden*ULeng*G20ab; 
    uac1 = (G21ab/G20ab)*ULeng; 
    uaIl1 = ((pi/4)*ULeng*uden*(G40aaab+G40abbb)); 
    uaIt1 = ((pi/4)*ULeng*uden*G40abbb)+((pi/4)*(ULeng^3)*uden*G22ab); 
    uaIa1 = ((pi/4)*ULeng*uden*G40aaab)+((pi/4)*(ULeng^3)*uden*G22ab); 
     
     %from cilynder to trunicate cone 
     
    uam = uam1+M*(0.004343)+0.316760; 
    uac = uac1+M*(-0.000224)-0.002293;  
    uaIl = uaIl1+M*(0.000043)-0.001419; 
    uaIt = uaIt1+M*(-0.000051)+0.005557; 
    uaIa = uaIa1+M*(-0.000051)+0.005557; 
end 
end 
 
%% BSPs Direct 
if mode == 2;   
trial_name = 'BSPs'; 
load_file = [Path]; 
trial_name2 = 'BSPs.csv';   
chdir (Path) 
cal = exist([trial_name,'.csv'],'file'); 
  
if cal == 2 
    cd(load_file) 
    %Find the relevant marker name in headings and then import one 
    %import headings to find marker position in data 
    newData = importdata(trial_name2); 
    headings = newData.textdata(2,1); 
    headings = regexp(headings,'\,','split'); 
    headings = headings{1}; 
    headings = char(headings); 
  
    trial = newData.data(:,2:end); 
  
    ind = ((find(headings(:,1)=='u' & headings(:,2)=='m'))-1); 
    uam = trial(1,(ind:ind+2)); 
    ind = ((find(headings(:,1)=='f' & headings(:,2)=='m'))-1); 
    fam = trial(1,(ind:ind+2)); 
    ind = ((find(headings(:,1)=='h' & headings(:,2)=='m'))-1); 
    hm = trial(1,(ind:ind+2)); 
    ind = ((find(headings(:,1)=='u' & headings(:,2)=='c'))-1); 
    uac = trial(1,(ind:ind+2)); 
    ind = ((find(headings(:,1)=='f' & headings(:,2)=='c'))-1); 
    fac = trial(1,(ind:ind+2)); 
    ind = ((find(headings(:,1)=='h' & headings(:,2)=='c'))-1); 
    hc = trial(1,(ind:ind+2));  
     
    ind = ((find(headings(:,1)=='u' & headings(:,2)=='I'& 
headings(:,3)=='a'))-1); 
    uaIa = trial(1,(ind:ind+2)); 
    ind = ((find(headings(:,1)=='u' & headings(:,2)=='I'& 
headings(:,3)=='t'))-1); 
    uaIt = trial(1,(ind:ind+2)); 
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    ind = ((find(headings(:,1)=='u' & headings(:,2)=='I'& 
headings(:,3)=='l'))-1); 
    uaIl = trial(1,(ind:ind+2)); 
    ind = ((find(headings(:,1)=='f' & headings(:,2)=='I'& 
headings(:,3)=='a'))-1); 
    faIa = trial(1,(ind:ind+2)); 
    ind = ((find(headings(:,1)=='f' & headings(:,2)=='I'& 
headings(:,3)=='t'))-1); 
    faIt = trial(1,(ind:ind+2)); 
    ind = ((find(headings(:,1)=='f' & headings(:,2)=='I'& 
headings(:,3)=='l'))-1); 
    faIl = trial(1,(ind:ind+2));  
    ind = ((find(headings(:,1)=='h' & headings(:,2)=='I'& 
headings(:,3)=='a'))-1); 
    hIa = trial(1,(ind:ind+2)); 
    ind = ((find(headings(:,1)=='h' & headings(:,2)=='I'& 
headings(:,3)=='t'))-1); 
    hIt = trial(1,(ind:ind+2)); 
    ind = ((find(headings(:,1)=='h' & headings(:,2)=='I'& 
headings(:,3)=='l'))-1); 
    hIl = trial(1,(ind:ind+2)); 
     
    hl = H * (0.1879 / 1.741); 
     
end 
end 
  
%% BSPs by Regression (Previous NSM method) 
if mode == 0; 
uam = M * m_u; 
fam = M * mf; 
hm = M * mh; 
% 
hl = H * (0.1879 / 1.741); 
% 
uac = (0.5772) * ual; 
fac = (0.4574) * fal; 
hc = (1 - 0.3624) * hl; 
% 
uaIa = (uam) * (ual*uaIavh)^2; 
uaIt = (uam) * (ual*uaItvh)^2; 
uaIl = (uam) * (ual*uaIlvh)^2; 
% 
faIa = (fam) * (fal*faIavh)^2; 
faIt = (fam) * (fal*faItvh)^2; 
faIl = (fam) * (fal*faIlvh)^2; 
% 
hIa = (hm) * (hl*hIavh)^2; 
hIt = (hm) * (hl*hItvh)^2; 
hIl = (hm) * (hl*hIlvh)^2; 
% 
  
end 
%% BSPs by Regression (Previous NSM method) 
if mode == 0; 
uam = M * m_u; 
fam = M * mf; 
hm = M * mh; 
% 
hl = H * (0.1879 / 1.741); 
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% 
uac = (0.5772) * ual; 
fac = (0.4574) * fal; 
hc = (1 - 0.3624) * hl; 
% 
uaIa = (uam) * (ual*uaIavh)^2; 
uaIt = (uam) * (ual*uaItvh)^2; 
uaIl = (uam) * (ual*uaIlvh)^2; 
% 
faIa = (fam) * (fal*faIavh)^2; 
faIt = (fam) * (fal*faItvh)^2; 
faIl = (fam) * (fal*faIlvh)^2; 
% 
hIa = (hm) * (hl*hIavh)^2; 
hIt = (hm) * (hl*hItvh)^2; 
hIl = (hm) * (hl*hIlvh)^2; 
% 
  
end 
 
D.1 Laser scanner analytical results 
The average BSPs (including SDs) which were found for each subject and segment by 
using the surface laser scanner are shown in the graphs below: 
 
 
Figure D-2 (a): Intra- and inter subject average mass & SD for open hand 
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Figure D-2 (b): Intra- and inter subject average centre of mass (CoM) & SD for open hand 
 
 
Figure D-2 (c): Intra- and inter subject average MIy & SD for open hand 
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Figure D-2 (d): Intra- and inter subject average MIx & SD for open hand 
 
 
Figure D-2 (e): Intra- and inter subject average MIz & SD for open hand 
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Figure D-3 (a): Intra- and inter subject average mass (M) & SD for closed hand 
 
 
Figure D-3 (b): Intra- and inter subject average centre of mass (CoM) & SD for closed hand 
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Figure D-3 (c): Intra- and inter subject average MIy & SD for closed hand 
 
 
Figure D-3 (d): Intra- and inter subject average MIx & SD for closed hand 
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Figure D-3 (e): Intra- and inter subject average MIz & SD for closed hand 
 
 
Figure D-4 (a): Intra- and inter subject average mass & SD for forearm 
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Figure D-4 (b): Intra- and inter subject average centre of mass (CoM) & SD for forearm 
 
 
Figure D-4 (c): Intra- and inter subject average MIy & SD for forearm 
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Figure D-4 (d): Intra- and inter subject average MIx & SD for forearm 
 
 
Figure D-4 (e): Intra- and inter subject average MIz & SD for forearm 
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Figure D-5 (a): Intra- and inter subject average mass & SD for upper arm 
 
 
Figure D-5 (b): Intra- and inter subject average centre of mass (CoM) & SD for upper arm 
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Figure D-5 (c): Intra- and inter subject average MIy & SD for upper arm 
 
 
Figure D-5 (d): Intra- and inter subject average MIx & SD for upper arm 
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Figure D-5 (e): Intra- and inter subject average MIz & SD for upper arm 
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APPENDIX E: Muscle Forces in Functional 
Activities 
E.1 Joint Forces 
 
Figure E-1: Mean GH and EL joint forces for the “drinking from glass” task. The mean 
intersubject SD values are not shown as error bars for clarity of presentation. 
 
Figure E-2: Mean GH and EL joint forces for the extreme scapula motion. The mean 
intersubject SD values are not shown as error bars for clarity of presentation. 
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Figure E-3: Mean GH and EL joint forces for the “pick & place” task. The mean intersubject SD 
values are not shown as error bars for clarity of presentation. 
 
Figure E-4: Mean GH and EL joint forces for the “push” task. The mean intersubject SD values 
are not shown as error bars for clarity of presentation. 
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Figure E-5: Mean GH and EL joint forces for the “pull” task. The mean intersubject SD values 
are not shown as error bars for clarity of presentation. 
 
E.2 Kinematics 
 
Figure E-6: Mean GH and EL joint angles for the “drinking from glass” task. The mean 
intersubject SD values are not shown as error bars for clarity of presentation. 
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Figure E-7: Mean GH and EL joint angles for the “extreme scapula motion”. The mean 
intersubject SD values are not shown as error bars for clarity of presentation. 
 
Figure E-8: Mean GH and EL joint angles for the “pick & place” task. The mean intersubject SD 
values are not shown as error bars for clarity of presentation. 
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Figure E-9: Mean GH and EL joint angles for the “push” task. The mean intersubject SD values 
are not shown as error bars for clarity of presentation. 
 
Figure E-10: Mean GH and EL joint angles for the “pull” task. The mean intersubject SD values 
are not shown as error bars for clarity of presentation. 
 
 
  
-40 
-20 
0 
20 
40 
60 
80 
100 
120 
0 20 40 60 80 100 
Jo
in
t 
an
gl
e
 (
D
e
gr
e
e
s)
 
Percentage of motion (%) 
GH Forw.Flexion/Extension (± 14.3 Deg.) GH Int./Ext. Rotation (± 8.9 Deg.) 
GH Adduction/Abduction  (± 20.0 Deg.) EL Flexion/Extension (± 25.5 Deg.) 
EL Pronation/Supination (± 30.1 Deg.) 
-50 
0 
50 
100 
150 
0 20 40 60 80 100 J
o
in
t 
an
gl
e
 (
D
e
gr
e
e
s)
 
Percentage of motion (%) 
GH Forw.Flexion/Extension (± 19.9 Deg.) GH Int./Ext. Rotation (± 19.3 Deg.) 
GH Adduction/Abduction (± 9.8 Deg.) EL Flexion/Extension (± 27.2 Deg.) 
EL Pronation/Supination (± 16.3 Deg.) 
266 
 
APPENDIX F: Driving simulator and muscle 
forces during steering 
F.1 Matlab Code for defining force vectors on the wheel 
This code is used for defining the vector forces on the wheel. It is worth mentioning 
that WTR and WBR are the name of the markers on the right handle while CRight is 
the input voltage output value from the strain gauges (where the amplifier sent to 
VICON). The same code is used for defining the left handle forces. 
if wheel==1 
     
ind = ((find(headings(:,1)=='W' & headings(:,2)=='T'& 
headings(:,3)=='R'))-1);  
WTR = trial(:,(ind:ind+2)); 
ind = ((find(headings(:,1)=='W' & headings(:,2)=='B'& 
headings(:,3)=='R'))-1); 
WBR = trial(:,(ind:ind+2)); 
ind = ((find(headings(:,1)=='C' & headings(:,2)=='R'& 
headings(:,3)=='i'& headings(:,4)=='g'& headings(:,5)=='h'& 
headings(:,6)=='t'))-1); 
CRight = trial(:,(ind)); 
  
L = size(C7,1); 
k=0; 
frame=L; 
     
for i=1:L 
 
%give the force applied on the wheel (from calibrating voltage to 
force using y=0.0981x+0.0934) 
 
Fact(i,:)=(CRight(i,:)-0.0934)/0.0981      
WBT(i,:)=unit(WTR(i,:)-WBR(i,:));    
Fvector(i,:)= Fact(i,:)*WBT(i,:); 
     
if i>1 
     
RotateA (i,:)= 
acos(WBT(1,1)*WBT(i,1)+WBT(1,2)*WBT(i,2)+WBT(1,3)*WBT(i,3))*180/pi(); 
     
%motion stops when the wheel turn 65 degrees    
if RotateA (i,1) > 65 && k==0         
 
k=1 
         
frame=i       
end    
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else    
     
L = size(C7,1); 
frame=L; 
 
end 
  
 
Hload = sgolayfilt(Fvector,8,11); 
Factual = sgolayfilt(Fact,4,11); 
 
end 
F.2 Drawings 
The next drawings made in Solidwork 2011 and illustrate the original dimensions (in 
mm) of the driving wheel modifications. 
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E.2 Kinematics 
 
Figure F-1: Mean GH and EL joint angles for steering right at comfortable position. The mean 
intersubject SD values are not shown as error bars for clarity of presentation. 
 
Figure F-2: Mean GH and EL joint angles for steering right with one hand at comfortable 
position. The mean intersubject SD values are not shown as error bars for clarity of 
presentation. 
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Figure F-3: Mean GH and EL joint angles for steering right at distant to the wheel position. The 
mean intersubject SD values are not shown as error bars for clarity of presentation. 
 
 
Figure F-4: Mean GH and EL joint angles for steering right at close to the wheel position. The 
mean intersubject SD values are not shown as error bars for clarity of presentation. 
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